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REMARKS 
Summary of Personal Interview with Exa miner 
Applicants thank the Examiner for the courtesy of the telephonic interview 
conducted on September 13, 2006 during which the foregoing amendments to the 
claims and the outstanding rejections were discussed 

Amendments to the Claims 
Claims 1,4, 9-14, 17. 25. 26. 28. 29, 31-33, 39 and 40 were pending in the 
application as of the issuance of the present Office Action. Claims 1, 4-6, 9-14, 17. 
25, 26, 28, 29, 3 1-33, 39 and 40 stand rejected. In the Amendment to the Claims 
spanning pages 2 to 5 of this paper, claims 1. 13, 25, 26, 31, 33 and 40 have been 
amended and claim 32 has been canceled, without prejudice. Accordingly, upon entry 
of the amendments presented herein, claims 1, 4, 9-14, 17, 25. 26. 28, 29, 31, 33, 39 
and 40 will remain pending in this application. 

Support for the amendments to the claims can be found throughout the 
specification and the claims as originally filed. Specifically, support for the 
amendments to claims 25, 26, 31 and 33 can be found throughout the specification, 
for example, on page 10, line 1 to page 1 1 , line 34 of the specification, and in the 
claims as originally filed, for example, claims 3 1-33 . 

No new matter has been added by these claim amendments. Any cancellation 
and/or amendments to the claims have been made solely in the interest of expediting 
examination and in no way acquiescing to the validity of the Examiner's rejections. 
Applicants reserve the right to pursue the claims as originally filed in one or more 
further applications. 

Withdrawn Claim Rejections 
Applicants gratefully acknowledge the Examiner's withdrawal of die 
following rejections: 

a) the previous rejection of claims 12-14 under 35 U.S.C. §101 as being directed 
toward non-statutory subject matter; and 

b) the previous rejection of claims 5, 6, 9-14, 17 and 39 under 35 U.S.C. §1 12. 
first paragraph as failing to meet the enablement requirement. 
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Priority 

Applicants acknowledge that the instant claims are granted the priority date of 
June 23, 2000, the filing date of the instant application- Additionally, Applicants note 
thai certified copies of the foreign German patent applications will be filed prior to the 
issuance of a patent, at which time Applicants will request grant of the foreign 
priority, if appropriate. 

Reunion of Claims 1. 9-14. J 7, 25. 26. 28. 29, 31-33 and 40 Under 3 S US.C. g 112 
The Examiner has injected claims 1, 9-14, 17. 25, 26, 28, 29, 31-33 and 40 

under 35 U.S.C. § 1 12, second paragraph, as being Indefinite for failing to particularly 

point out and distinctly claim the subject matter which Applicants regard as the 

invention. In particular, the Examiner is of the opinion that 

(c]laira 1 recites the phrase 'less than about 5 kb of nucleotide sequences' 
which renders the claim vague and indefinite. The metes and bounds of the 
claim are not certain since the meaning of the phrase is not clear. It is 
uncertain whether 5 kb of nucleotide sequences actually flanks SEQ ID WO: 1 

No patentable weight is given to this limitation since the roetes and 
bounds of the limitation are not known. The phrase fc less than about' is not 
defined by the claim, the specification does not provide a standard for 
ascertaining the requisite degree of 'less than about', and one of ordinary skill 
in the art would not be reasonably apprised of the scope of the invention. 

In order to expedite examination, but in no way acquiescing to the validity of 
the Examiner's rejection. Applicants have amended claim I to recite . Jess than 5 
kb. „" and further claim 40 to recite *\ . .less than 4 kb, . . " thereby rendering the 
foregoing rejection moot. Notwithstanding the foregoing, Applicants wish to make 
the following remarks of record. 

Applicants respectfully traverse the foregoing rejection on the grounds that one 
skilled in the art would find the term "about" as used in the pending claims to be clear 
and definite. Applicants direct the Examiner's attention to MPEP § 2173.05(b) which 
states that 

[t]he fact that claim language, including terms of degree, may not be precise, 
does not automatically render the claim indefinite under 35 U.S.C. 1 12, second 
paragraph. Seattle Box Co., v. Industrial Crating & Packing, Inc., 731 F.2d 
818, 221 USPQ 568 (Fed- Cir. 1984)... The term 'about' used to define the 
area' of the lower end of a mold as between 25 and about 45% of the moid 
entrance was held to be clear, but flexible. Ex parte Eastwood, 163 USPQ 316 
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(Bd App. 1968) Similarly, in W.L. Gore & Associates. Jnc. v. Garlock. Jnc 
F 2d 1540 220 USPQ 303 (Fed. Cir. 1983), the court held that a limitation 
defining the stretch rate of plastic as 'exceeding about 10% per second' is 
definite because infringement could clearly be assessed through the use of a 
stopwatch. 

Similarly, the term "about" is used in the pending claims to define an upper limit of 
flanking nucleotide residues, one that can be clearly assessed through art-known 
techniques. As such, in accordance with MPEP § 2173.05(b), Applicants submit that 
one skilled in the an woutf find the term "about" to be clear and definite as used in 
the presently pending claims. 

Notwithstanding the foregoing and in the interest of expediting allowance of 
the pending claims, Applicants have amended claims 1 and 40 to delete the term 
"about," thereby rendering this rejection moot. Accordingly, Applicants respectfully 
request reconsideration and withdrawal of the foregoing rejection under 35 U.S.C. § 
112, first paragraph. 



Re jection ofCtaims 1- 9-14. 17 . 25. 26. 28. 29. and 40 Under 35 U.S.C. QU2, 

First Paragr aph (Written Description) 

The Examiner has rejected claims 1, 9-14, 17, 25, 26, 28, 29, 31-33 and 40 
under 35 U.S.C. § 112, first paragraph as containing subject matter which allegedly 
was not described in the specification in such a way as to reasonably convey to one 
skilled in the relevant an that the inventors), at the time the application was filed, had 
possession of the claimed invention. In particular, the Examiner is of the opinion that 
the specification as origiaally filed does not disclose the limitation "said nucleic acid 
molecule comprises less than about 5 kb of nucleotide sequence which naturally flank 
the nucleotide sequence of SEQ ID NO:l." 

Applicants traverse the foregoing rejection on the grounds that the 
specification as originally filed explicitly teaches the recited limitation. Applicants 
direct the Examiner's attention to page 23, lines 5-8 of the specification where 
Applicants teach that 

[preferably, an isolated' nucleic acid is free of sequences which naturally 
flank the nucleic acid (i.e.. sequences located at the 5' and 3' ends of the 
nucleic acid) in the genomic DNA of the organism from which the nucleic 
acid is derived. For example, in various embodiments, the isolated SMP 
nucleic acid molecule can contain less than about 5 kb, 4kb, 3kb, 2kb, 1 kb, 
0.5 kb or O.lkb of nucleotide sequences which naturally flank the nucleic acid 
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molecule in genomic DNA of me cell from which the nucleic acid is derived 
(e.g., a C. glutamicum cell). 

As indicated by the foregoing excerpt from Applicants' specification. 
Applicants were in possession of nucleic acid molecules comprising less than 5 kb of 
nucleotide sequence which naturally flank the nucleotide sequence of SEQ ID NO: 1 at 
the time of the filing of the present application and, thus, the written description 
requirement of 35 U.S.C. § 112, first paragraph, has clearly been satisfied. 
Accordingly, Applicants respectfully request reconsideration and withdrawal of the 
rejection of the pending claims under 35 U.S.C. § 1 12, first paragraph. 

Ruction afCla™* 35. 26. 28. 2 9 and 31-33 Vndrr US OS.C g *AA 

Paragraph (E nablement) 

The Examiner has rejected claims 25, 26, 28, 29 and 31-33 under 35 U.S.C. § 
112, first paragraph as not being enabled. In particular, the Examiner is of the opinion 
that 

[wjhile the specification provides general guidance for transforming isolated 
C. glutamicum host cells with a vector containing the claimed insolated [sic] 
nucleic acid, the specification does not provide specific guidance, prediction, 
and working examples for any fine chemical that can be produced by culturmg 
said isolated C. glutamicum host cells. Thus, an undue amount of trial and 
error experimentation must be preformed [sic] to search and screen for any 
fine chemical that can be produced by culturing the recited cell transformed 
with the claimed vector comprising the nucleotide sequence of SEQ ID NO:l. 
Such experimentation is outside the realm of routine experimentation. 

In view of the above considerations, the specification does not provide 
enablement for the claimed methods for making a widely varying fine 
chemicals such as amino acids, nucleotides, aromatic compounds, vitamins 
and proteins. 

Applicants respectfully traverse the foregoing rejection for the following 
reasons. Applicants submit that, based on the teachings in Applicants' specification 
as well as the general knowledge available in the art at the time of the filing of the 
present application, one of ordinary skill in the art would be able to make and use the 
claimed invention using only routine experimentation. 

As an initial matter, Applicants respectfully submit that the claims have been 
amended such that they are now directed to methods for modulating the production of 
an amino ucid. The foregoing amendment was made solely in an effort to expedite 
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examination and allowance of ihe pending claims and in no way acquiescing to the 
validity of the Examiner's rejection. 

The Specification Enables the Claimed Methods 

As provided by M.P.E.P. § 2164.02, the absence of a working example is not 
sufficient to undermine the enablement of a claimed invention. Indeed, 'the 
specification need not contain an example if the invention is otherwise disclosed in 
such manner that one skilled in the art will be able to practice it without an undue 
amount of experimentation. In re Barkowski, 422 F.2d 904." M-P.E.P. § 2164.01(b) 
also provides that "as long as the specification discloses at least one method for 
making and using the claimed invention that bears a reasonable correlation to the 
entire scope of the claim, then the enablement requirement of 35 U.S.C. 1 12 is 
satisfied. In re Fisher, 427 F.2d 833, 839." 

In view of the foregoing enablement standards, Applicants respectfully submit 
that the teachings of the present specification are sufficient to enable an ordinarily 
skilled artisan to make and use the claimed invention using only routine 
experimentation. For example, Applicants teach various methods for evaluating the 
effect of a 6-phosphogluconolactonase molecule on the production of a desired fine 
chemical such as an amino acid (see page 50, line 6 to page 58, line 22 of the 
specification). In particular, Examples 4 and 5, at page 5 1 , line 29 to page 53, line 16 
of the specification, teach the mutagenesis of host cells with 6- 
phosphogluconolactonase molecules. Example 6, at page 53, line 18 to page 54, line 
4 of the specification, describes techniques for identifying the expression of the 6- 
phosphogluconolactonase molecules and Example 7, at page 54. line 6 to page 55, line 
37 of the specification, describes techniques and culture and media conditions for 
growing the cells. Example 8, at page 56, lines 1-28 of the specification, describes 
techniques for analyzing the function of the 6-phosphogluconolactonase molecules. 
In addition, Example 9, at page 56, line 30 to page 57. line 24 of the specification, 
describes techniques for analyzing the function of the 6-phosphogluconolactonase 
molecules on the production of the desired fine chemical. Lastly, Example 10, at page 
57, line 26 to page 58, line 22 of the specification, describes techniques for the 
purification and isolation of the desired product. Applicants submit that one skilled in 
the art would be able to use such techniques to readily make and use the claimed 
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invention, i.e.. to make and use host cells capable of modulating the production of a 
fine chemical, such as an amino acid. 

Please further argue that one skilled in the art would appreciate that the 
manipulation of the expression and activity of 6-phosphogluconolactonase nucleic 
acid and polypeptide molecules would serve to modulate the production of fine 
chemicals. As was well known in the art at the time of the invention and as taught in 
the specification, the processing of energy rich carbon molecules is critical to the 
operation of a cell, for example, as a nutritional source to power basic biochemical 
pathways. In particular, the pentose phosphate pathway is involved in the processing 
of glucose to produce reducing equivalents such as NADPH. NADPH, in turn, is 
critical to the biosynthesis of many amino acids such as gluiamate and proline. In 
addition, the pentose phosphate pathway is involved in the production of 
intermediates and precursors, for example, pentose and tetrose intermediates which 
serve as intermediates and precursors in other metabolic pathways. For example, two 
products of the pentose phosphate pathway, ribose-5 -phosphate and eryihrose-4- 
phospbate are important precursors for nucleic acid and amino acid synthesis, 
respectively (see page 18, line 4 to page 20, line 20 of the specification and Stryer 
"Biochemistry" (1981) pages 333-354 and 485-536, a copy of which is attached herein 
as Appendix A). Accordingly, one skilled in the art would appreciate that the 
enhanced operation of the pentose phosphate pathway would serve to enhance the 
production of fine chemicals such as nucleotides and amino acids. 

The importance of the pentose phosphate pathway in this regard highlights the 
role that 6-phospbogluconolactonase can play in modulating the production of fine 
chemicals from a cell. Indeed, 6-pbosphogluconolactonase catalyzes the hydrolysis of 
6-phosphogluconolactone to gluconate 6-phosphate in the second step of the pentose 
phosphate pathway (see Stryer -Biochemistry" (1 98 1) pages 333-354). As soch, a 
skilled artisan would appreciate that the specifically defined nucleotide and amino 
acid sequences of the invention encoding the 6-phosphogluconolactonase enzyme 
could be utilized to modulate, for example, enhance the production of a desired amino 
acid. For example, the transformauon of a cell to express additional copies of the 
enzyme or alternatively, the mutation of the enzyme to exhibit enhanced activity, 
could serve to increase the flux through the pentose phosphate pathway, thereby 
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increasing the production of products such as ribose-5 -phosphate and erythrose-4- 
phosphate available for the production of fine chemicals such as amino acids. 

Post-Filing Date Experimental Evidence Confirms the Teachings in the 
Specification 

The foregoing teachings in the specification and in the art have been confirmed 
by post-filing date experimental evidence. Specifically, Applicants have 
demonstrated that a strain of Corynebacierium glutamicum in which expression of a 
gene encoding 6-phosphogluconolactonase was increased resulted in a corresponding 
increase in the production of lysine as compared to a control wild type strain of 
Corynebacterium glutamicum (see Appendix B submitted herewith). The enhanced 
formation of 6-phosphogr.uconolactonase was also confirmed by the performance of 2- 
D-gels. 

Applicants submit that the techniques utilized in the foregoing experiments to 
successfully demonstrate the modulation of the production of amino acids, such as 
lysine, were techniques either taught in the present specification or well known in the 
art at the time of the filing of the present application. As such, a skilled artisan would 
be able to use such techniques, without undue experimentation, to make and use host 
cells with 6-phosphogluconolactonase molecules capable of modulating the 
production of amino acids. 

Accordingly, based on the foregoing teachings in Applicants' specification, the 
general knowledge in the an at the time of the invention, and the confirmation of such 
teachings by post-filing date experimental evidence, one skilled in the art would 
appreciate that the manipulation of the expression and activity of 6- 
phosphogluconolactonase would serve to modulate the production of fine chemicals 

such as amino acids. 

For each of the foregoing reasons, Applicants submit that the claimed 
invention is enabled by the teachings in Applicants* specification and, therefore, in 
compliance with the requirements of 35 U-S.C. §112, first paragraph. Accordingly, 
Applicants respectfully request reconsideration and withdrawal of the rejection of the 
pending claims under 35 U.S.C. § 1 12, first paragraph. 
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Rejection of Claims 1. 4-6. 9 -14, 1 7. 25. 26. 28. 29. 32-33 f 39 and 40 U^er 3S 

102(e) 

Tbe Examiner has rejected claims 1, 4-6, 9-14, 17, 25, 26 T 28, 29, 31-33, 39 
and 40 under 35 U.S.C. § 102(e) as being anticipated by Dunican et al (USPN 
6,797,509) (hereinafter referred to as "Dunican"), Applicants respectfully traverse the 
foregoing rejection for the following reasons. In the interest of clarity. Applicants 
address each aspect of tins rejection below. 

With respect to independent claim I, and claims depending therefrom, the 
Examiner stares that 

[f]or the reasons stated above in the rejection of the claims under 35 
U.S.C, 1 12, second paragraph, as being indefinite, no patentable weight 
is given to the phrases Mess than about 5 kb of nucleotide sequences' 
and 'said nucleic acid molecule comprises less than about 4 kb. 3 kb, 2, 
kb [sic], Ikb, 0.5kb or 0.1 kb of nucleotide sequences'. 

Applicants respectfully submit that, for the reasons provided above, amended 
claim 1 is clear and definite and satisfies the requirements of 35 U.S.C § 1 12, second 
paragraph. Accordingly, all claim limitations should be given tbe proper 
consideration. Applicants further submit that Dunican fails to teach or suggest every 
limitation of the claimed invention. Specifically, Dunican fails to teach or suggest a 
nucleic acid molecule comprising SEQ ID NO:l or encoding a polypeptide 
comprising SEQ ID NO;l\ where the nucleic acid molecule includes less than 5 kb of 
nucleotide sequences which naturally flank the nucleotide sequence of SEQ ID NO:l 
or the nucleotide sequence encoding SEQ ID NO:2, as required by claim I . Indeed, as 
demonstrated in Appendix C, enclosed herewith, Dunican discloses a nucleic acid 
molecule in which the nucleotide sequence shared with the present invention is 
flanked by over 6 kb of naturally present nucleotide sequences on the 3 9 region alone. 
Accordingly, Dunican foals to teach or suggest each and every element of claim 1, and 
claims dependent therefrom. 

With respect to independent claim 4, and claims depending therefrom, the 
Examiner states that 

[t]he examiner respectfully disagrees with applicants' position that 
Dunican et al. foil to teach the nucleic acid molecules encoding 
[polypeptides] having 6-phosphogluconolactonase activity as recited in 
the amended claims. 
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. . .Dunican et al. teach a 6995 base pair DNA sequence. . . that is 100% 
identical to SEQ ID NO: 1 of the claimed invention. . . The examiner takes the 
position that in absence of facts to the contrary the DNA taught by Dunican et 
al. would inherently encode a polypeptide having 6-phosphogluconolactoanase 
[sic] activity since Dunican et al. teach a 6995 base pair DNA sequence that is 
100% identical to SEQ ID NO:l of the claimed invention. 

Applicants also respectfully traverse this rejection for the following reasons. 
Applicants submit that Dunican fails to teach or suggest nucleic acid molecules 
comprising SEQ ID NO:l or encoding a polypeptide comprising SEQ ID NO:2, where 
the nucleic acid molecule encodes only a polypeptide having 6- 
phosphogluconolactonase activity, as required by claim 4. Indeed* if one were to 
express the nucleic acid molecule of Dunican, as suggested by the Examiner, the 
nucleic acid molecule would encode at least two polypeptides, one of which would 
have transaldolase activity. Accordingly, Dunican fails to teach or suggest a nucleic 
acid molecule which encodes only a polypeptide having 6-phosphogluconolactonase 
activity and, thereby, foils to teach or suggest each and every element of claim 4, and 
claims depending therefrom. 

In view of all of the foregoing, Applicants respectfully request reconsideration 
and withdrawal of the rejection of the pending claims under 35 U.S.C. § 102(e). 
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CONCLUSION 

In view of ihe foregoing remarks, reconsideration of the rejections and 
allowance of all pending claims is respectfully requested. If there are any remaining 
issues or if the Examiner believes that a telephone conversation with Applicants' 
Attorney would be helpful in expediting prosecution of this application, the Examiner 
is invited to call the undersigned at (617) 227-7400. 



Dated: October 16, 2006 




Respectful! 



By. 



Maria Laccotripe Zacharakis, Ph.D., JJ>. 
Registration No.; 56,266 
Attorney for Applicants 
LAHIVE & COCKFIELD, LLP 
28 State Street 

Boston, Massachusetts 02109 
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PENTOSE PHOSPHATE PATHWAY 
AND GLUCONEOGENESIS 



The preceding chapter* o» glycolysis, tfre citric acid cycle, and oxi- 

were primarily concerned with the genera- 
tion of ATP» rtartrag with glucose as a fuel We now mm to die 
generation erf a different type of mstabolic energy— reducing 
power. Sena* of the eject ra w ami ^ molecules 
imitt beoomerved 

toO f to generate ATP TT^^mrn^tfr^^mO^nflmingpffu^in 
*tfr if NADPH. The phoiphoaryi group on C-2 of on* of the abase 
note of NADPH dbtiagubha h ftam NADttA*meattooediOTi- 
«aly (pt 246), there b ajlmdtafttftfl tetmctm tewm NADPH and 
NADJt *» nmt tiochmical twtmi NADH is m&ud fy tkt r*spirator> 
ckam to gmmU ATP, whims NADPH w*y or a fydmgm mi electron 
imy m rtdttctxoe btniyntfutstr. This chsittcr also deals with the flvnthe- 
«U of glucose fitro nottarix&ydtate precursors, a process called 



THE PENTOSE PH08PHATE PATHWAY GENERATES NADPH 
AND SYNTHESIZES HW-CAHSON SUGARS 

latbopemooe phosphate pathway, NADPH U generated as glucose 
frphniphate b otidkod to riboee S-phosphatc Hiis five-cartxm 
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sugar and its derivatives are components of such important biomol- 
ccuks as ATP, CoA, NAD* FAD, RNA, and DNA. 

Glucose 6-phosphatc + 2NADP+ + H^O 1 

ribose 5-phoflphate + 2 NAPPH + 2 H* + CO ? 

The pentose phosphate pathway also catalyzes the interoonversion 
or three-, four-, five-, six-, and seven-carbon sugare in a series of 
nonoxidaiive reactions. All of these reactions occur in the cyiosol. 
In plants, pan of the pentose phosphate pathway also participates 
in the formation of hexoses From GO s in photosynthesis (Chap* 
tcr 19), 

The pentose phosphate pathway is sometimes called the pentose 
shunt, the hexase monophosphate pathway, or the ptospkogtuamat* oxidative 
pathway. The discovery of glucose 6-phosphate dehydrogenase, the 
first enzyme in the pathway, by Otto Warburg in 1931 ted to its 
complete elucidation by Friiz Iipmann, Prank Dickens, Bernard 
Horecker, and Efraim Hacker. 



TWO NAOFH ABE GENERATED IN THE CONVERSION OF 
QUfGOSE 6-FH08PHATE INTO RIBULOSE B-PK08PHATC 

The pentose phosphate pathway starts with the debydrogenation of 
glucose fr-phosphatc at C-l, a reaction catalyzed by gtu&xst G-phes- 
phatc ddpcfngeiw* (Figure 15*1). This cwymc b highly specific for 




® 




phato p>thw>y » These tforoo 
•fc otalyapd py gtocoto C-frhraphsiv: 



NAPF+; thc£y for NAP+ is about a t hou sa nd times as great as 
that for NADP*. The product h 6^ft^^&tf(mtf^Mto^ which b 
ttn intramolecular ester between the C-l caiboxyi group and die 
0-5 hydroxy! group* Tfco watt *tep fa the hydroiyife of 6-pboflpbo- 
gluccao-Wactone by a specific Uctmase to glvo 6-pkNpkqkaeusU. 
Ttesgjx^wfroaeqgarfeth^ 

ph q gfmto dsivdrvgmu* to yield nfefarr SfkcsfdutU. NADP* is 
again the election acceptor. 
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RIBULOSE 6 PHOSP. H IS ISOMEHIZEO TO BIBOSE 
S-PNOSPHATE THROUGH AN ENEDlOt INTERMEDIATE 

The final step in the synthesis of ribose 5.pbosphatc is ihe women- 
zation of ribulosc 5-phosphute by phasphopentou tiemcrasc. 






9*p*09ptl»ft 

Thu inaction w similar to the glucose 6-pbo«phate *± fructose 6- 
pboppfeace and to die dihydjwyacctonc phosphate ^ gtyecraid©- 
hyde 3-phosphate reaction* in glycolysis. 7*** **r« kciosc-aldo** 
isomerizatums proceed through w medial mtnmtdiatt* 



THE PENTOSE PHOSPHATE PATHWAY AND GLYCOLYSIS 
ARE LINKED BY TRANSKlsTOLASE AND TRANSAIOOLASE 

The preceding reactions ykid two NADPH aod one riboie 5-pho*- 
phatc for each gtucoee 6-pta*phate oxidized However, u*a»y celto 
need much more NADPH ft* reductive bio*ymbe*e* than ribose 
5-phosphatc for incorporation into nucleoddes and nucleic arid*. 
Under thewcon&uons,ri1^ 

aldehyde 3-phospbate and frame Diphosphate by trmsbtolasemd 

tnmsaUolas*. Tim fli^^aw^Wkt^ 

phtt* pcthwa? mdgiwfysi* by catalyzing these three reactions; 




0* + G^ 



T^itimoftfaeseieactkmffistte^ 

The essence of there reactions b that ttansketolm trm&n a fap- 
ezrto* mif, whams trmsafdafase trm&r* a ib&nafbm miL The sugar 
that donates the two- or three-cathem unit is aiway* a feme, 
whereas the acceptor is ahwy» an able*. 

The ftm cf the three nacriom linking the pentose ph o sph a te 
|*tln^ and glycol 

and wkhepteks* 7*ph#&att from two pcrnora 
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CH,OH 


V 




n — y — uti 


HO— C— M + 


H-C-OH 


H— C— OH 


H-C-OH 






XriwfoMr 









CH z Om 
HO— H 

Jy^WSL n_£_OH H — l— OH 

l,OPO,^ H-C-OH 
H—C— OH 



Gfye«rpjd«rty<k> 



The donor of the cwo-carbon unit in this reaction is xylulose 5- 
phosphaie, which is an cpxraer of ributosc ^-phosphate. A fcetose is 
a substrate of trapsketolase only if its hydroxy] group at C-3 has the 
configuration of xylulose rather than ribulose, Ribufose 5-phos- 
phate is converted into the appropriate epiroer for the transkctolase 
reaction by phospAoptntosc tpimtrase. 





Gtyceroldebyde phosphate and sedobeptutoe 7-pbosphate 
then react to farm Jhume 6-phosphaU and ajtkrw Tbb 
synthesis of a foor-iarboa sugar and a ^carbon sugar is catalyzed 
by tomfaldolas*. 





ta the third reaction, transkr^ 
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CMjOM 

HO-t— H -r 
H — C— OH 




HO-^C — H 
H-t-OH * H — C — OH 
iH^)PO, 1 - H— ON 

QiycftflMthYfte 
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3*ptta»pti»t» 



Fruo<o«# 



Hie gum of fhesc reactions is 



2 Xylulose 5-phosphate + ritroe 5~phosphate 

2 fructose 6-phosphate + glyceraldehyde 3-phosphaie 

Xylulose 5-phospbate can be formed from ribose 5~phosphate by 
the sequential action of phosphopentose isoraerasc and pbovpho- 
pentose epimcrase, and w> the net reaction starring from ribose 
5 ^phosphate is 

3 IUbo*e 5-phospbaie 

2 fructose 6^hosphate + glyceraidebyde 3-pbospbate 

bt quantitatively wnxxrud into $fyfofytU intermediator 

ptntt** phoqptacc pathway 

ftoffetton 



£n*ym9 



OXIDATIVE BRANCH 
GkioQve 6-phcraphro + NADP* 

»-PtWfhogtucoi»tt + NADP+ » 

tftttfo* frphosptwte + CQj + NAPPH 



LftCtOflMO 



HOHOXtOATtVE 0RAMCH 

Rfeutot 5-p*K*Pta» «o* rlbot* «ftfK*ph*ie 

Xyfufos* fr-ptocpho* + r%me Erphegpho* 

pvotoM 6-phoiphttt ■+* #fyihmt 4 phoiphita 



Ptosphoptntoi* iMfitwgs* 
PhotphoptMow «pkntt*to 
Ttanstaptoft 

Trvusfcototese 



THE RATE OF THE PENTOSE PHOSPHATE PATHWAY 
IS CONTROLLED BY THE LEVEL OF MAPP+ 

The fim reaction In the osfelagta bra^<tftltt pentose phoqjhate 
pathways th* fW^ydrfltgnniti-ffO "f gtif^y* ft | > Ti il fj|4 Ml f^, ^y^tfo TTy 
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cal conditions and serves as uie control site The rnosi important 
regulatory factor is the level of NADP**, the electron acceptor m the 
oxidation of glucose 6-phosphate to o^phosphogtaconolactone. Also, 
NADPH competes with NADP+ in bimtiog to the enzyme, and 
ATP competes with glucose 6-phosphate. The ratio of NADP* to 
NADPH in the cytosol from the liver of a well-fed rat is about 
0.0 14, several orders of magnitude lower tha* the ratio of NAD* to 
NADHi which is 700 under the same conditions. The marked effect 
of the N AD?* level on the rate of the oxidative branch ensures that 
NAPPH generation is tightly coupled to its utilization in reductive 
biosymhese*. The control of the nonoxidati ve branch of the pentose 
phosphate pathway has not yet been defined. 



I* 



THE PLOW OF OLUCOSE 6-PHOSPHATE DEPENDS ON THE 
NEED FOR NAPPH, BIBOSC 5- PHOSPHATE, AND ATP 

Let us follow the fate of glucose (^phosphate in four different situa- 
tions; 

1. MuchTnw4Tzbwt5-pto#k&^NAIWHisTWvw& Most of the 
glucose Diphosphate is converted into fructose 6-pbosphatc and 
gtycenddehyoM^hosphate by tbegtycolyttcpathway . Ttatmaldolaee 
and trausketolase then convert two molecules of fructose 6-phas* 
pbate and one molecule of giyceraldcbyde 3-phosphatc into three 
molecules of ribose 5-phosphatse by a reversal of tbc reactions de- 
scribed earlier- The roichiometiy of this mode (Figure 15-2A) is 

5 Glucose 6-phcspbate + 5 ATP — * 

6 ribose 5-phosphate + 5 ADP -h 5 H* 

2. 7ft* nwhf<* HAjyPH mi rib** S-plmpkeU w bukmmL Hie 
predominant reaction under these condiriom is the formation of 
two NADTO and one ribose 

by die oxidative branch of the pentose phosphate pathway. The 
sjoichiotnetry of this roodc (Figure 15-2B)is 

Qwtise c>pbasphate + 2NAOP+ + Hp > 

tflwe ^phosphate + 2NAPPH + 211* + CO* 

phojphab is <om£Uufy*xidiud to GO* 
active lathis situation- 
phatcarefasacdlfrte 

pathway. The©, ribose It-phosphate is converted into fructose 6> 
phosphate and glyeerafafehydc S-phoaphate by transketoiase and 
traTWtlfhiyy. Finally, gfceose fr fbospha te is resystfcesized bom 
iniqoac&^fcogphateats^ 
neqgcnk pathway (dbra^ 

tries oF these three sets of mctkae (Figure 15-^ are 

6 Glucose- 6^horohate + 12NADF+ + 6H£> ~~+ 

6ribe^fi^die^haM 
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Glucose 



330 



Fructose 



Fruclote 




Oi bydroxyaceione- 
phoiphato 



3i>t*offphit« 
1 



CO, 



B Mo4»2 



Ribosfi 



2 K^D^ H| 



Frucmo 
6-fjhospftrtr 



Fructose 



Rfeutott 



2 NAPf* 

GluCQ9Q 

G-pftospttBto 




6-pbosphBto 



Fiuttow 



Ribulose 



6-pho$pb&t$ 



Oihydroxyftcettme- ; 



6 Bibose ^pfafiepbatc — * 

4 fructose fry h w ph « w > + 2 gtywakktoy* S-phoepfaate 

4 FtttcSMc 6- ph oa ph at c + g glyceraMcfeydo 3-phoaphgtc + 

H^> — > 5 #ccoec frphotphate + P t 

*th& m of throe reactions is 

GJbcooe eidioap^ — ► 

600* + 12NADFH + 12 IT + F, 

GQ% with tht 60A#MiBtoRf ^owftfiwt NADPH* Tb& CHcnoe cf theso 
mcdo» Is that (fo 

ptitoop is tuydtd mte jfetw £*te£&ffe by t ramtcto l ato, urn* 
nWotac, wd tome oftfcc eMytt* of the giaccswgcaic patfawvjr* 
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>1W 



4. Much more NADPH than noose 5-phosphal* u require^ glucose 6~- 
phosphate is cmxrkd im pyruvate. Alternatively, riboBe 5-phosphate 
formed by the oxidative branch of the pentose phosphate pathway 
can be converted into pyruvate (Figure 15.2D). Fructose Diphos- 
phate and glyceraldehyde 3-phosphaie derived from ribose S-phos- 
phate proceed down the glycolytic pathway rather than reverting to 
glucose 6-phosphatc. In this mode, ATP and NADPH an concomitantly 
generated, and five of iht six carbons of glucose diphosphate emerge in pyru- 
vate: 

3 Glucose ^phosphate + 6 NADF+ i- 5 NAD* + 5 P, + 8 ADP 
— » 5 pyruvate + 3 0O* + 6 NADPH + 5NADH 

+ 8ATP-h2H a O + 8H + 

Pyruvate formed by ihese reactions can be oxidized to generate 
more ATP or it can be used as a building block in a variety of 
biosyntheses. 



THE PENTOSE PHOSPHATE PATHWAY 18 MUCH MORE 
ACTIVE IN ADIPOSE TISSUE THAN IN MUSCLE 

XUdioactive4abeling experiment? can provide estimates of bow 
much glucose frphosphate is me t aboli s ed by the pentose phosphate 
pathway and how much fe metabolised by the combined action of 
glycolysis and the citric add cycle. aliojxttc** tissue bomo^ 
natc is incubated with glucose labeled with at CM , and another 
with glucose labeled with at G-& The radioactivity of the GQ t 
produced by the two samples is then compared. TJ*e rationale of 
this experiment 19 that only CM is ckcaritnyl&tcd by the pentose 
phosphate pathway, whereas C-l and C^an:docaiboijJatedtotiie 
same extent when ^uco^ is metabd bed 

the pyruvate dehydrogenase compter, and the citric acid cycle, 
Ota reasro fcr eo^iivata 

reactions is that giyceraktehydc diphosphate and dihydtoxy- 
acetone phosphate arc rapidly intcreonveited by triose pho s phate 
isosnflrase* 

Ttooyctinwiod approaches tha^ 
toupko3pJ&f<a^it*crto»mth[ftdmK(<i vAemsititvtyrliSgh 
«t«4gp«wf&nfc TheiefodiapiuFpoxtlfcE idea tl»t»au0ar rate of 

pose ttsoe in Ike reductive tynttadt of fcttjr adds from acetyl OoA 
(see Chapter 17). 



TPP, THE PROSTHETIC GROUP OF TRAK8KETOIA8E, 
TRANSFERS ACTIVATED AIDEHYDE8 

Tttm/k witm ooataias a tightly bound thiamine pyrophosphate 
(TFP) as its prosthetic group. This prosthetic gfoup has been m- 
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countered before in u- llecarboxylaiinn of pyruvate by the pyru- 
vate dehydrogenase complex. The mechanism of catalyris of irans* 
ketolase is similar in that an activated aidch/de uml is transferred to an 
acceptor* The acceptor in the transketolase reaction is an aldose, 
whereas in the pyruvate dehydrogenase reaction it U lipoaroide. In 
both reactions, the site of addition of the kcto substrate is the thia- 
zoU ring of the prosthetic group. The C-2 carbon atom U highly 
acidic and readily ionizes to give a carbanion. This cart) anion adds to 
the carbonyl group of the ketose lubstrate (eg., *ylulose 5-phos- 
phatc, fructose 6-pho*phatc, and rcdoheptulose 7-phosphate). 



34-1 




H 




HiC R 



—H+ i - r? • R — fir 



H»C ft* 



(TPP> 
T*fft**?t 
pyropttotphata 




Thb addition expound loses its R— CHOH moiety to yield a 
negatively charged, activated gtjtoaldchydc unit. The positively 
charged nitrogen in the thiasde ring acts as an electron sink to 
promote the development of a negative charge on the activated 





_ ■ » - -t a ■ hi ■ j. ., ,ji 



T^cartyooyi groiy of a witahk aldehyde ac^ 
with the actuated glycoaldlehydc uid^ 
i$ tdemed from the ensyme* 




.OH ~ 



19 



PAGE 31/109 * RCVD AT 10/16(2006 9:14: 16 PM [Eastern Daylight Time] * SVR:USPT0-EFXRF-2^ * DNIS:2738300 ' CSID: ' DURATION (mm-ss):33-56 



10-16-06 09:23pm F r ora-LAH I VE+CGCKF I ELD 617 7424214 



T-631 P. 32/99 F-132 



342 
Part U 

METABOUC ENERGY 



• ) 

TBANSKfTOUASE OEfECTIVE IN TP* BINDING 
CAN CAUSE A NEUROPSYCHIATRY DISORDER 

The Wernicke-Korsakoff sjndrwit, a sinking neuropsychiatry disorder, 
U caused by a lock of thiamine in the diet of susceptible penona. 
This disease is characterized by paralysis of eye movement, abnor- 
mal stance and gait, and markedly deranged mental function- Xn 
particular, a patient with this syndrome is disoriented and has a 
severely impaired memory. It has been known for some time that 
only a small minority of alcoholics and other chronically mainour* 
idtcd persons develop this disorder. Also, its incidence is much 
higher among European? than among non-Europeans on thiar 
mine-deficient diet?. These observations suggest that genetic factors 
may be important determinants of whether a thiamiae-defident 
person develops the Wernicke-Korsakoff syndrome. Recent studies 
of transketolasc from cultured fibroblasts show that this is in fact 
the case. Jfansketelase from patients with the Wernicke-Korsakoff syndrome 
binds thiamine pyrophosphate tenfold less mdfy than does the eneyme jrom 
stomal persons* Hie other two thiatnino'dependent enzymes, pyru- 
vate dehydrogenase and <r4cet©ghttarate dehydrogenase, are nor- 
mal in this disonler- The abnormality in tnuutotolasc becomes clin- 
ically evident only when the leveJ thiamine pyrophosphate is too 
low to saturate tte enzyme. TW inter- 
play between genetic and environmental foctw in the production 
of disease. The Wcnirokc -Korg a fcoff tyndtome also provides a vivid 
demonstration of how a reduction in the activity of a single enzyme 
can have profound neurologic and behavioral consequences. 



ACTIVATED DIHVDROXYACBTOHE 18 CARRIED 
BY 7RANSAL0OIASE AS A SWIFF BASE 

Tkansaldolase transfers a three-carbon dfydrwffQce&ne unit from a 
betose donor to an aldose acceptor. TYansaldnlase, in contrast with 
transfcetofase, does not contain a prosthetic group* Rather, a Sckjff 
feu* is _famd between the mimpt #mf the tetw wtenfr md the 
€-esfiii0grQt$ef*t^sv*ifaat1b 
ofiamdeitf e»syme*ubit^ 

in fructose diphnqphatn aldolase in the ^yodytic pathway. 
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The Schiff base becomes protonated, the bond between C-3 and 
CM is split, and an aldose \b released. 

HO— C— H HO — £ — H + \ + 
H — C— OH 
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H* 



Prolonged 
ScWff I 



Atdote 



The negative charge on the dihydroxyaoecone moiety is stabilized 
by resonance. Hie positively charged nitrogen atom of the Setoff 
base acta as an electron sink. This nitrogen atom play? the same role 
in transaldolase as does the thiazoje-ring nitrogen in transketolase. 

Hie Schiff base between dihydroxyacctonc and transaldolase is 
stable until a suitable aldose becomes bound. The carbanion of the 
dihydroxyacctonc moiety then reacts with the caibonyl group of 
the aldose. The ketose product is released by hydrolysis of the Schiff 
base. 



♦Hp' 
HO— C— H 

e 



OH 



H f" 2 ™ 
E~N — C 

HO— C— H 



RtHftftneft terms of ttiv 8©Wtf 
bMt e»rb*ntcm 



HO— H {*J 



E— N-*< 
HO— H 

H — C— OH 

00 

^J^^^p^ ^^^^ 



E— NH 



CH z OH 



OUTCOME 6-PHOSPHATE DEHYDROGENASE DEFICIENCY 
CAUSES A 0RUO4NOUCED HEMOLYTIC ANEMIA 

An antimalarial drug, pamaquine, was introduced in 19% Moft 
pa^ts tolerated tbed^we^ but a 1^ 
tosrairitfaina^d*y*aftcrtbeta^ 

black, jaundice developed, and the hemoglobin content of die 
.blood dro pp ed shajply- In aome case*, masdve destruction of red 

"Xhabads of this Attf-fafrtfrf tumofytie anmi* was e luridnfftl in 
The primary defect hi a 

istf arffc The pentose pbo^hate pathway btto only aow^ 
ofJtADPH in zed cells, an4aoAeprodiK^ofI , IADPtiisdiaan- 
ished tu ghtcosc 6-phaiptuw dehydrogenase defiriency, T^tcrnqfer 
role of NADPH in red odb la to thc<&ulftdefcan<tf/^ 
*4iaw to the mitfhydrjrtft^ 



ii-h 
o— : 

H— ( >— CH,— SH 



19 ' H 

0— c 



A- 
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r-Qiw — Cy*— Gly 



2 y-Giu— Cyi— Giy 

+ NAPPM + H* — ^ £ H + NADP t 



The reduced form of glutathione, a tripeptide with a free sulfbydryl 
group, serves as 9 suljhytbyl buffer that maintains the cysteine resi- 
dues of hemoglobin and other red-cell proteins in the reduced state. 
The ratio of the reduced form of glutathione (GSH) Co the oxidised 
form (GSSG} if normally about 500, The reduced form also plays a 
role in detoxification by reacting with hydrogen peroxide and or- 
ganic peroxide*. 

2 GSH + R — O— OH * GSSG -h H^O + ROH 

Reduced glutathione appears to be essen t ia l for maintaining nor- 
mal red-cell structure and for keeping hemoglobin in the ferrous 
state Cells with a lowered level of reduced glutathione arc more 
susceptible to hemolysis for reasons that are not y« understood. 
Drug? such as pamaquine may distort the surface of rod ceils in the 
absence of reduced glutathione, which would make them more li- 
able to destruction and removal by the spleen. These drugs also 
increase the rate of. formation of toxic peroxides, which are nor- 
mally eliminated by reaction with reduced gluta thi o ne , 

Glucose 6-phosphate dehydrogenase deficiency is not a rare dis- 
ease. It is inherited as a sex-linked trait, Female heterozygoses have 
two populations of red cells: one has normal enzymatic activity, 
whereas Ac other Is deficient in glucose 6-phoaphate dehydrogcu* 
asc-Thcghicascfrphflsphatedehydrogenareto 
specified by a different gene. The incidence of the moot common 
(type A) deficiency of glucose frphoqpharc dehydiogeaase, charac- 
terised by a tenfold reduction in enzymatic activity in red cells, is 
11% among Hack Americans. This high fivepwncy suggests that the 
deficiency may be advamagrons under certain environmental cos*, 
cfittons. Indeed, flume 40sfim^mm 4^m^ m ^ 

j& Anted a teasrt &ztfB ihlabaruat wialaria. because die parasites 
that cams this dsease nxjulre the pentose pbo^hate pathway and 
reduced ^u t at h ionc&y optimal growth 
dehydrogenase deficiency and sidde-oe9 txait are parallel mecha- 
nisms of protection against malaria, which accounts for their high 
gene frequencies in malaria-infested ttgi^ 

T1icoccqnwgofgEuoo»6 yl^ 
dearly demonstrates that c&pictti naateu to m& h&x a gmt& 
bub. Tto inherited en^ymatb deficiency is idadvdyte 
certain drugs ate administered. Wc again see hctt the intexplay of 
tamditf and oi^ironm^ 
mla» hereditary fructose hit^ 
yichottue sensitivity also 
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GLUTATHIONE REPUCTASE TRANSFERS ELECTRONS fROM 
NADPH TO OXIDIZED GLUTATHIONE BY WAY OF FAD 

The regeneration of reduced ghuaihiorune is catalyzed by glutathi- 
one reductase, a dimer of 50-kdaJ subunits. The electron* from 
NADPH arc not directly tram fared to (he disulfide bond in oxi- 
dized glutathione. Racber, ibey are transferred from NADPH to a 
lightly bound flavin adenine dmudeotfcJe (FAD), then to a disul- 
fide bridge between two cysteine residues in tbe mbunif , and finally 
to oxidized glutathione. 
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NADPH 



PAP 



Bach subunit consists of throe structural domains: an FAD-bimUng 
domain, an NADPH-biuding domain, and an interface domain 
(Figure 15-4). The FAD domain and NADP* domain resemble 



NADP* 
domain 



domsin 




Isoajoxasine ring 
of FAD 



of NADPH 



Se hanstte diraua of tip cfrmai© iuwciw* of 
ghi tttMon e npduqw- Bach mbaaft to tint <E- 
merle mrym* cowfat* of ma NADP* domtar 
«a FAD domain, and aa iatcsftee d o tnutn Oh* 
wfifone tt bosad to ibe FAD domain of <w 
fftfmaii and tfcp interim domain of another 
[After a & Scfcuh*, It, H- Sdrinncr, 
W. Sacttfonhdmcy, and & F. Fai, Jfeto 
373(1978);l»] 



each other and are similar to micleoudc-binding domains in other 
dcfardjtieeoa^FAPand 

vrith their isoalloyazine and nicotmamidn ringa neat to each other 
(Figure 1 5-t> It is interesting to nova that the binding rite for o»- 
cfized glutathione is formed by tl* FAD domain ofowsubunit and 
the interface domain of the other subunfc 



GLUCOSE CAN BE SYNTHESIZED FROM 
NOff CARBOHYDRATE PRECURSORS 

Wenowturatothe^wtf^ 

ptocesi csXkdghmMgmttit, Tim rortf a hoHc pathway b very impor- 
tarn because certain tissue^ <^ as the te^whigUy dependent 
o^gfcwoiewthe primary fte^ 
bminiD»typic^ao^is«ibowl^ 

the 160 gof g&coso needed by the whole body. The amount of 
gtegojefKottvtialxxiyfh^ 

bio from glycogen, a storage torn of gfcawa (p, S57), is ^fmad^ 
raatefy 190 g. Thus, tte direct gjuc^ 
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the needs for glucose for abom * day. In a longer period of starva- 
tion, glucose must be formed from noncarbobydtate sources for 
survival, Gluconeogenesis is also important during periods of in- 
tesuc exercise. 

The major noncarbohydrate precureoi* of glucose are loctoU> 
mm a^ids, z&d gljwwi. lactate is formed by active skeletal muwde 
when the rate of glycolysis exceeds the metabolic rate of die citric 
acid cycle and the respiratory chain (p. 269)- Amino acids are de- 
rived from proteins in the diet and, during starvation, from the 
breakdown of pnneins in skeletal muscle (p, 553), The hydrolysis of 
triacylglyceroU (p. 386) in fat celts yields glycerol and fatty acids. 
Glycerol is a precursor of glucose, but fatty acids cannot be cow- 
verted into glucose in animals, for reasons that will be discussed 
later (p. 394), The glumtogatic pathwqy eom*ns fyawte mto ghxost. 
The principal points of entry a*e pyruvate, axaioecetate, and dihy- 
droxyacetone phosphate (Figure 15*5). 

The major site of gluconeogenesis is the liver. Gluconeogenesis 
also occurs in the cortex of the kith*?, but the total amount of 
glucose formed there is abou t one-tenth of that formed in the liver 

T 

Gf ucose 6-phospfW9 

i 

Fnotos* S-ptoovphit? 

T 

ftactew t .6<4iphospbme 



dpctjgp reactfrmi of tSls wdwncy we 
(booted by zod unw^m etfvor ie*p> 

i btao < ftof^ for p j luimi car* 
Iwim lm 1 0a mlf iiW irwi Afa)> ead gtams* 
it uni^inlifciiwi f fittMi ad to tbe cnfc>- 
p&nio iatkntam)» llic ewxy potass 
far btptste, glycerol § nd ttaia»*a*fe 



Diftytfrasyecotefio 



•Glycerol 



1 fS'ffptioip h o Ql ype F e tt 

t 

3-PhosphoQlyetritt 

t 
? 

PbosfihoenQlpynivBta 

i 

OuM a r t W 4 — Gome amino tcWa 



lactate — -> Pyiwsta «— * Soma emlno acids 
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because of the kidney's smaller maw. Very Utile gluconeogenesis 
takes place in the brain, skeletal muscle, or heart muscle. Rather, 
|/^;owu in the fwer and kidney helps to maintain the gkme iwH in 
the blood w thai brain and muscle can extract sufficient glucose from it to meet 
their metabolic demands. 



GUJCONEOGENESIS IS NOT A REVERSAL OF GLYCOLYSIS 

In glycolysis, glucose is converted into pyruvate; in giuconeogencsis, 
pyruvate is converted into glucose. However, gluconeogenics is not 
a reversal of glycolysis. A different pathway is required because the 
thermodynamic equilibrium of glycolysis lies for on the side of py- 
ruvate formation. The actual AO for the formation of pyruvate from 
glucose is about —20 kcal/jnol under typical cellular conditions 
(p. 267). Most of the decrease In free energy to glycolysis takes place 
in the three essentially irreversible steps catalyzed by hexokinase, 
phosphofructoidnase, and pyruvate kinase. 

Glucose + ATP glucose 6-pfaosphatc + APP 

Fructose 6-phosphate + ATP -EfcSfeSESSaS!* 

fructose l,&4iphosphate + APP 

Pbo0phoenolpynivate + ADP ll,,w > pyruvate + ATP 

In ghtconeogenesBh these virtually irreversible reaction* of glycoly- 
sis are bypassed by the following new raps; 

I, Plwpho€*ol&nvale is firmed fiom pptwau by way <tf oxoteavetate. 
Ptat, pyruvate is carbocyloted to oxaloacctate at the expense of an 
ATP. Tkax, oxaloaoctatc is decarboxylatcd and pbosphocyiated to 
yield phosphoewoipynrvate, at the expense of a second high-encs^y 
phosphate bond. 

Pyruvate + CO* + ATP + Hfi 

pgatawefatc + APP j- P t + 2IT 

Oxaloacetate + OTP p h^ho mo l pyruratc + ODP + GO* 



Tfccfir*n*cttoai*ci«a^ 

by pfopbnalfrM «tr*a*r«^. T*e ram of these reactions is 

Pyruvate + AIP + GTP + 

pho*phocno!pyruvate + APP + GDP + P i + 2H t 

Thfepaifcwayfor^ftgm^ 

vateistfaorniodynani^ +0.2kc*l/mol 

in contrast with +75 kt&mtA for itemed 

vat» kinase. Tills nui* more Ja?v^^ 

of an additional high-cocr%y pho s ph ntn bond. 



347 

Chapter IS 

PENTOSE PHOSPHATE PATHWAY 
AND GLUCONEOGENESIS 
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2. Fmtou 6-phosphau is Jormsd from fturtos* 1,6- diphosphate by fy- 
drtlysu tftiu phosphau csUr oi C i. Fructose l,6-diph&8phatase cata- 
lyzes this exergonic hydrolym 

Fructose 1 diphosphate + H z O * fructose 6-pbosphate + P, 

3. Ghm< if fimud if ft&ofysis of giwou 6-phospkau, a reaction 
catalyzed by glucose 6-phosphatase. 

Glucose ^phosphate + H*0 * glucose + P, 

Glucose ^phosphatase is bound to the endoplasmic reticulum and 
acts on substrate located in the cytosol. This enzyme is not present 
in brain and muscle; hence, glucose does not leave these organs, 

W 1** 

Enzymatic diXcrenoa between jiyctfyifc aarf gtoooneogcpesfai 



Gtycotysh 




Koxotiftase 


Glucose 6 -phosphatase 


Phospfcofiuctrtinase 


Fructose l.e-tfiptroptotwe 


Pyruvate fefwe 


Pyrwsw cerbovytosa 





etotin 



BlOTtN 18 A MOBILE CARRIER OF ACTIVATED C0 2 

The finding that mitochondria can ibnn ajaloaeetate from pyru- 
vate led to the discovery of pyruvate .carboxylase by Merton Utter 
in I960. This enzyme is of especial interest because of its catalytic 
and attosteric properties. Pyruvate carboxylase contains a cava- 
lentty attacked prosthetic group, Mrtav which serves as a canitr & 
octioacd CO r The carboxyl terminus of biodn is linked to the c- 
amina group of a specified lysine residue by an amide bond- 




Note that biotin b attached to pyruvate carboxylase by a ficxi- 
Wr chain She that of lipoamlde in the pyruOTtedebydr^ 
pjeg, 

Tbt cazbosylation of pyruvate occurs in two stages: 

Hi* 

Biotiiwozyme + ATP + BCOf JBS 1 .^ 

OQ t bkmi^encyme + A0P + Pj 
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Mn 1 



COj ~- biotln-enzymc -|- pyruvate 

biotin-enzyrac + oxaloacetic 

The carbtwtyl group in the carboxybiotio-enzyrae intermediate is 
bonded to the N-l nitrogen atom of the biotin ring. The carboxyi 
group in this carboxybiotin intermediate u activated. The AG° f for 
its cleavage 

CO, — biotin-enzyme + H* » CO ? + biotio-enryroe 

is —4-7 keal/mol, which enables carboxybiotin to transfer CO z to 
acceptors without the input of additional free energy. 

The activated carboxyi group is then transferred from carboxy- 
biotin to pyruvate to form oxaloaoetate. The long, flexible link 
between biotin and the enzyme enables this prosthetic group to 
rotate from one active site of the cwymc (the ATP4>icarbonate site) 
to the other (the pyruvate site). 



349 




] Enzyme) 



eees 



PYRUVATE CARBOXYLASE 18 ACTIVATED BY ACETYL CoA 

The suavity of pyruvate carboxylase depend? on the presence of 

*<jl CM) U bound to tb m&m. The second partial reaction n not 
a&ected by acetyl GoA. Tb* lOUtfteric activwioa of prorate 
baxyiasct^acet^OoAisanbnpo^^ 
.Qw^cwnte, the product of ito 
tjooyfrhothagtolrhimm^ 

catalytic intermediate m tho citric add cycte, w! ^ *ptf ^owjrf 
OA 4gR0t$ tk$ mtJbmmmloat&U. If there t» a wrpluicf A1P, 
qr fthftrTttt cwfflbccoarorocri^ 

dewy of A3P, axaloaeetatt will enter the citric add eyrie upon 
condensing with aoetyt QoA. 

Thm, not only b pyruvate carboxylase important in gta copco- 
generis, but it abo play* a irittitt refe m m a mkmi ng fa fact dtrU 
eadpd* uOcmsdiaUs. Ihcat intermediates need to be replenished 
fecaiae they are consumed in «ome Wo^yiul^ reactio^ cu* as 
heme gynthesb* Tto rule of pyruvate carboxylase is termed 
mg&nrffe meaning to AH tip. 



-o y H i — L 



'Eniyrm 



Cwfeoxybletln-iAvyn* 



AgttvtttdCOa 




MalecnlginoddrfwboayWotfa> 
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OXALO ACETATE IS SHUTTLED INTO THE CYTOSOU 
AND CONVERTED INTO PHOSPHOENOLFYRUVATE 

Pyruvate caiboxylase is a mitochondrial enzyme, whereas the other 
enzyme? of gluconeogcncsis are cytoplasmic Qsaloocctate, the 
product of the pyruvate carboxylase reaction, is transports across 
the mitochondrial membrane in the form ofro«(afc. Osaloacetate is 
reduced to malate inside the mitochondrion by an NADH-linkcd 
malate dehydrogenase. Malate is transported by a carrier across the 
mitochondrial membrane and is rowadwed to oxaloacetic by an 
NAD + -UnJccd malate dehydrogenase in the cytosol, 

OxaJoacetate is simultaneously dtwrboxykud and pfosphctykud by 
phosphoenolpynivate carboxyldnase in the cytosol. 




+ GTP; 



\rh r + 



COj + GDP 



i 

I* 



The CO z that was added to pyruvate by pyruvate carboxylase 
comes off in this st^p- In &ct, the pho^borylatiwreactio»i* 
energetically fearible by the conc o mi tan t* decarboxylation* 
Dccario&tatim efim drive ttadms that umU ttfwwut ic bighfy micr- 
gomc. This device will be encountered again in fetty add synthesis. 

SIX HIGH-ENERGY PHOSPHATE BONDS ARE SPENT 
IN SYNTHESIZING GLUCOSE FROM PYRUVATE 

The etoiduoxnetry of giwmeogenesis is 

2 Pyruvate + 4 ATP + 2GIP + 2NADH + 2 Hfi > 

glucose + 4 ADP + 2 GPP + 6P t + 2NAD* 

AG" *= -9ta4/mol 

In contrast, the gtn^tnmetry for the reversal of glycolysis is 

2 pyruvate + 2 ATP +2NADH + 2H/5 — » 
gtnco6e-f-2AX3P + 2Pi + 2NAP rt 

AG*' » +20fe*0/inQl 

Note that ax high-energy phoiphate bonds are used to synthesize 
glucose from pyruvate in gtnccrorogptifia*, whereas only too mole>- 
coles of A3P ate generated In ^yco^inth©convc«i«rfghtto» 
into pyruvate, 9 &m 9 the cstro price of tfccooeogcncsig is. four 
hlgh^twjfr phosphate bonds per glucose synthesized from pyru- 
vate. The bur extra high-energy ph os ph a te bonds are needed to 
ttuiiani»eTgetlcaUyunfevw^ 
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j • » 

&C Qr = + 20kcai/mol) imo a favorable one (gjuconeogenesis, 
AC- = -9kwl/mol)- Another way of looking at this energetic phosphate?1tmwIy 
difference between glyedyw and gluooneogeneau » to recall that ™° S £fi ^S?Sto7eoSSS 
the input of an ATP equivalent change* *e equilibrium 
coiwant of a reaction by a factor of about 10* (p. 243). Hence, the 
input of four additional high-energy bond* in ghiconcogene* 
ail changes the equilibrium constant by a factor of \0P* 7 which 
makes the conversion of pyruvate into glucose tfiermodynamically 
feasible* 



QLUCONEOQENE8fl8 AND GLYCOLYSIS ARE 
RECIPROCALLY REQULAT£I> 

Gluconcogencsis and glycolysis are coordinated so that one path- 
way is relatively inactive white the other & highly active. If both sets 
of reactions were highly active at the same time, the ne t r esult 
would be the hydrolysis of four — P (two ATP plus two OTP) r* r 
reaction cycle. Both glycolysis and gtaponeogenesis are highly ew- 
genie under cellular condition, and so there is no thermodynamic 
barrier to such cycling. Rather, the activities of the defective e»- 
gymeaof each pathway are controlled to that both pathways are not 
highly active at the same time* For e ynmpt o , AMP s t i mulate s 
phospbo&uctoUi&m (p. 267X whereas U inhibit* fructose t v t> 
qUpb^bat^atrfttebasrt^ 

tpmtfy, phtfhtykitm tffn&ou fyhotpkatt, the mk-limitmg st$? w 
ffy*b*is> if aihanctd whm th* mcr& dnfgt if #u *tt v Im. Gomwfy 
jiu&K* 1,&dtphoif>hrt* if ^gbameogewit its&wlaUd when 

tftr &trg* i* kqhwl litric add epic mtomtduto* m dm&mt. 
Pyruvate kinase (p. 265) and pyrovate carbwty!^ 
tedpvwaUy regulated Pruwwe l,6HJipbospha*e sumutetes and 
AIT inhibits pyruvate Unaue, wherw acetyl «imulatr« ^ 
ADPfcihUtopyrovatecarb^ 

mnltadcs and ATP* 



SUBSTRATE CYCLES AMPLIFY METABOLIC SIGNALS 
AND PRODUCE HEAT 

phatc to fructose tfofiphnqrtnift*, and to hytfeolyria back to froctore 
fr phgq>h aic to called isdutaie efd*. Am already mentioned, both 

r wt iHw l allastedc control*. However, isotope Inbcting studies 
' «Ikiwd ^ plUM^PV^atiaa «f fineta* l,&<tip b ng ph fttft oo 
con during ghwmeogi^ 

in etberpafa* of Apposed foemrible reactions. Tub oyding was 
vegndsda an imperfection fa inetaboUo control a»d to »ub««rte 
cycfei h*ve fcanetfanw been called JWfe f^fei. However, it now 
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ATP APP 

A 8 

SO 




P. H,0 

Hqi flu* of 8 - 10 



ATP 



APP 




120 



Nff flux of e « 40 

Example of so dXP-drtvw rubptntte 
cycle opcmjpg *t two diffcroit r»tc* A 
small cwiec la du rases of tfee two 
reaction* rcful« in a Iwws 
i the irt flux of product & 



seems more likely that substrate eyelet arc biologically important. 
One possibility is that wbstrate cycUs amplify metabolic signals. 
Suppose that the rate of conversion of A into B is 100 and of B who 
A is 90, giving an initial net flux of 10, Assume that an allosteric 
effector increases the A B rate by 20% to 120 and reciprocally 
decreases the B -» A raw by 20% to 71 The new net flux is 48, and 
so a 20% change in the rates of the opposing reactions has led to a 
480% increase in the net flux- In the example shown in Figure 15-7, 
this amplification is achieved by the hydrolysis of ATP. 

The other potential biological role of substrate cycles is the getur- 
ation of hat produced fy thf hydrolysis <jf 4TP. A striking example is 
provided by bumblebees, which have to maintain a thoracic tem- 
perature of about S0°C in order to fly, A bumblebee is able to 
maintain ibis high thoracic temperature and forage for food even 
when the ambient temperature is only 10°C because phogpho- 
fhtctoHiiase and fructose diphoephatase in its Sight muscle are si- 
multaneously highly active- This fructose diphosphate is not in- 
hibited by AMP, which suggests that the enzyme is specially 
designed for the generation of heat* In contrast, the honeybee has 
almost no ftuctt** dtphosphatase activity in its flight muscle and 
consequently cannot fly when the ambient temperature is low. Exr 
cessive heat production caused by too high a rate of cycling be- 
tween fructose frphnsphate and fructose X ^diphosphate can occur. 
Halothanc, an anesthetic, produces thb condition, called malignant 
hpfrnthtaioQ, in a susceptible strain of pl^» 

LACTATE FORMED BY CONTRACTING MUSCLE 
KB CONVERTED INTO 0LUCO8E BY THfi LIVER 

A major raw material of gtacancogenesis is lactate produced by 
active skeletal muscle The rate 

ysis cascecd* tho sate of oxidation of pyswatebytfcedtrica^cycSe 
in contracting skeletal muscle under anaerobic c ondition s . Maie- 
over, the rate of formation of NAPH in glyool)w in active niusde 
is greater than the rate of to o x idation by the inspiratory chain. 
Continued glycolysis depctxisoa tfceavaaabEKty of 
Q sidathm of gfocenddefcyde S j >h n « i)hat e, Thb fa trfdeved by lac- 
tam dehydrogenase 
pyruvate to lactate. 

Lactate is a defend in metabol^ It mi« be converted back 
into pyruvate before it can he met ab o l ic Tlie only purpose of the 




+ NADH + H+ 



Y" 

H— + MAD* 
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reduction of pyruvate to iactaic is to regenerate NAD* so thai gly- 
coJysij can proceed in active skeletal muscle. The formation ofkttate 
buys time cmd shift; part fifth* metabolic burden from muscle to liver. 

The plasma membrane of most cells is highly permeable to lac- 
mte and pyruvate. Both substances diffuse out of active skeletal 
rnuicle into the blood and are earned to the liver. Much more 
lactate than pyruvate Is earned because of the high NADH/NAD* 
ratio in contracting akeJctal muscle. The lactate that entew the liver 
is oxidized to pyruvate, a reaction favored by the low NADH/NAD* 
in the cytosol of liver. Pyruvate is then converted into glucose by 
the gluconeogenic pathway in liver. Glucose then enters the blood 
and is taken up by skeletal muscle. Thus, liver furnishes glume to 
Contracting skeletal muscle, which derives ATP from the gfyeofytie 
contortion glucose into lactate. Glucose is then sunthesised from lactate 
the liver. These eunpersions constitute the Cori cycle (Figure 15-8)* 



Gfucose - 



GUlCONEOGENEStS 
Pyruvate 



lacuna «~ 



GLYCOLYSIS 

Pywme 

' I a ct tift 



m uvea 



IN MU8CU 



The Oofi cfdeL Lsctato famed by active musdc * tox^cm*) uh» glucwo bj 
ifco llvwr- Tbh cycte shite part of the mewlKdfclMiTdcoofmahcimadcio tte 
liver- 

These conversions are facilitated by differences in the catalytic 
pnipeities of lactate dehy 

liver. Lactate dehydrogenase Is a tetramer of 35-fcdal aubnnto. 
There are two kinds of polypeptide chains called M and Hi which 
can form five types of terramers; M|H, M^H*, M t H a , and . 
ThcteipcdteaaicpiBcdww^^ 
Jjiqa&iiwichhightTaffin^ 

Tbc other faucwymca tore intennedfato affinities Hie principal 
iwggymeioptele^m p ic ^ 

in heart muscle isH^ Tlwe bc<tt*yine* have bcoi stod^ 
pivety, but the reasons for t&e ejri ste t tc c of multiple faros «c an 
'enigma* 



3&3 
Chapter 15 

PENTOSE PHOSPHATE PATHWAY 
AND QlUCONEOQENESlS 
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SUMMARY 

The pentose phosphate pathway generates NADPH and ribosc 5- 
phosphate In the cytosot NADPH U used in reductive biosyntheces, 
whereas ribosc 5-phosphate is used in ihe synthesis of RNA, DNA, 
and nucleotide coenzymes. The pentose phosphate pathway starts 
with the debydrogenadon of glucose 6-phosphate to form a lactone, 
which is hydrolyzcd to give 6-phosphogluconate and then oxkfa- 
dvely dccarboxylatcd to yield ribulosc 5-phosphatc- NADP* is the 
election acceptor in both of these oxidations. The las< step is the 
isomerization of ribulose S-phosphate (a fcetose) to ribosc S^phoa- 
phare (an aldose), A different mode of the pathway is active when 
cells need much more NADPH than ribosc 5-phosphatc. Under 
these conditions, ribosc 5-phosphate is converted intoglyceralde- 
hyde 3-pbocphace and fructose 6-pho$phate by trausketotase 
and transaldolacc. IVaasketolase contains TPP as its prosthetic 
group. These enzymes create a reversible link between the pentose 
phosphate pathway and glycolysis. Xylulose 5-phosphate* sedobep- 
tuJose 7*phospbate, and erythrose 4-phosphate are intermediates in 
these intcrconvenkms. In this way, twelve NADPH can be £*uer- 
awd for each glucose e-phospbaxc thai is cwnplcteJy oxiduwd to 
OO^ Only the no no qdda tfv e branch of the pathway is active when 
much mure ribosc ^-phosphate than NADPH needs to be synthe* 
mod. Under these conditions, fructose 6-phosphateaod gfyceralde- 
hyde S*phospha» (formed by the glycolytic pathway) are converted 
imo ribose 5-pbosphate without the formation ofNADPH- Altenu*- 
u vely t nboac diphosphate formed by the oxidative branch can be 
converted into pyruvate through fructose 6-pho*phate and glycetai- 
detrydc S-pbc4phatc In this mode, ATP and NADPH are 
generated, and five of the six carbons of gucose S-phospfcate 
'emerge in pyruvate. The interplay of tbc glycolytic and pentose 
phosphate pathways enable* ttelcvek of NADPH* of ATP, and of 
building blocks such as ubox 6-phoopbate and pyruvate to be con- 
timiouriy a^med to meet cettdar needs. 

Gluoonoogenesis is the synthesis of glucose from nottcgubohyibate 
source*, web as lactate, amino adds, and tfyeeiuL Several of the 
reactions that convert pyruvate, a majo* entry poto*> into glucose 
are common to glycolysis. However, gbsconeogenesls requites four 
new scactitas to bypass the essential irreversibility or the ow 
txspc*db« reaction 

ahaacetate fa mitochondria, wfakh in tora is decarhoxyfated and 
pbosphoryiated to phosphoenotpynrvate In the cytoesoL TWo 
hlghHnvrgy phosphate brads are c on s umed in these r eactions, 
which are catalyzed by pyruvate carixxzcylase and phosphoeuok 
pynrvate rarbaxykinasc. Pyruvate carboxylase contains a blotto 
prosthetic group. The other dlgtinrowteactiom 

atcthefcytWytw^ 

pbate, which ore c^y^ by spc^ 

csis and ^ycolytdi axerec^noe^ 

relatively inactive white the oftcr is highly active; 
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CHAPTER 




BIOSYNTHESIS OF 
AMINO ACIDS AND HEME 



This chapter deals with the fcioaymheafo of amino acids and some 
molecule* derived from them- The flow of nitrogen into amino 
acids will be considered first. This process starts with the reduction 
of N j to NH d + by nitrogen-fixing microorganigms. NH 4 + is then 
npjTniln rerf into amino <*ci4s by way of gtutamate and ghitaniine, 
the two pivotal molecules in nitrogen metabolism. Of the basic set 
of twenty amino acids, ten are synthesized from citric add cycle 
end other major metabolic intermediates by quite simple re action s. 
We will consider these bfosyntbeses and examine the biosyntheses 
of die aromatic amino adds and of higtidinc as examples of amino 
adds filmed by more comple* rontcs- Infect, humans must obtain 
the latter group of ten amino acids firom their diets* and so they are 
called essential amino acids. Two interesting canw participate in 
these reactions: tetrohydrofolate, a highly versatile earner of acti- 
vated one-carbon unit$ at three oxidation stages, and $-adeoosyl- 
methionine, the major metbyS donor. The regulation of amino acid 
metabolism is another important area of inquiry. We will take a 
look at ghitaraine synthetase, which e x em pl ifie s some general prin- 
ciples. The final section of this chapter is concerned with the syn- 
thesis and degradation of heme. 
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4&B 




Tbc nodules in the root system of the 
soybean are ihe sww of nirrogea fixa- 
tion by Rkhetenn bscicna. (Courtesy of 
Dr. Joe C Burwo, Nitragia Company, 
Inc.] 



Electrons from 
reduced fwrefloxin 




Sctownic diagram of tfcc JUirogenMe 
oxnpkx. The reductase do»d»Tc<9 
from tbe aixrogczroe c omponau i&eSire 
1$, U oaovcftea iuo NHi*. 



MICROORGANISMS USE ATP AND A POWERFUL 
REDUCTANT TO CONVERT H z INTO NH 4 + 

Tbc nitrogen acorns of amino acids, purines, pyrimidines, and other 
biomolecules come from NH 4 + . Higher organism* are unable to 
convert N 2 into organic fbrai. Rather, this conversion— called mtrv- 
gmjixation—i$ carried out by bacteria and blue-green algae. Some 
of these microorganisms — namely, the Rhizctnum bacteria — invade 
the tools of leguminous plants and form root nodules, in which 
nitrogen fixation takes place (Figure 21-2), The relation between 
the bacteria and plant is symbiotic. The amount of N 2 fixed by 
microorganism* has been estimated to be about 2 X 10* 1 kg per 
year. 

The N=N bond, which has a bond energy of 225 kcal/mol, is 
highly resistant to chemical attack. Indeed, Lavoisier named it 
♦•azote," meaning "without life/ 1 because it is quite unreacrive. The 
industrial process for nitrogen fixation, devised by Fritz Haber in 
1910 and currently used in fertilizer factories, 

N 2 t 3H2 ^ 2 NH 3 

is typically carried out over an iron catalyst at about 500°C and a 
pressure of 300 aim- It is not surprising, then, that the biological 
process of nitrogen fixation requires a complex enzyme. The nitro- 
gauuc wufUx, which carries out this process, consists of two kinds of 
protein components: a r&hictaut, which provides electrons with high 
reducing power, and a mtngmm^ which uses these electrons to re- 
duce N 2 to NH^ + (Figure 21-3)- Each component is an irm-suijur 
praxis in which iron is bonded to the sulfur atom of a cysteine 
residue and to inorganic sulfide (p- 312). The nitrogenase compo- 
nent of the complex also contains one or two mofybdamms and so it 
has been known as die MoFe protein. It has the subunit structure 
o^ 2 and amass of about 200 kdal- The reductase (also called the Ft 
protm) consists of two identical polypeptides and has a. mass of 
about 65 kdal. In the nitrogenase complex, one or two Fe proteins 
are associated with a MoFe protein- 

The conversion of N a into NH^ by the nitrogenase complex 
requires ATP and a powerful uductmU. In most nitrogen-fixing microor- 
ganisms, the source of high-potential electrons in this si*-*Uctrm 
reduction is t educed fmcdoxin, an electron carrier previously encoun- 
tered in photosynthesis (p. 439). Whether reduced faiedasin is 
then regenerated by photosynthetxc or oxidative processes depends 
on the particular species. The stoichiometry of the reaction cata- 
lyzed by die nitrogenase complex is 

N 2 + 6*- + i2ATP + 12 HP » 

!2ADP + l2Pi + 4H* 

Recent studies of nitrogenase suggest the following reaction se- 
quence. First, reduced feredoxin transfers its electrons to the re* 
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ductase component of the complex. Second, ATP iben binds u> the 
reductase and shifts its redox potential from —0.29 to —0.40 V by 
altering its conformation. This enhancement of the reducing power 
of the reductase enables ii to iransfer its electrons to the nitrogenase 
component. Third, electrons are transferred, ATP is hydrolyzed, 
and the reductase dissociates from the nitrogenase component- Fi- 
nally, N 2 bound to the nitrogenase component of the complex is 
reduced to NH/, 

Sources of energy for the chemical production of ammonia by the 
Habcr process are becoming scarcer and more costly, and so there b 
much current interest in enhancing nitrogen fixation by microorga- 
nisms* One potential approach is to insert the genes for nitrogen 
fixation into nonJeguminous plants, such as cereals, A difficulty 
that must be overcome is that the nitrogenase complex is exquis- 
itely sensitive to inactivation by O r Leguminous plants maintain a 
very low concentration of free 0 2 in their root nodules by binding 
O g to leghcmoglobin. Another challenge that must be met in the 
formation of new nitrogcn-fUing species is the requirement for a 
very high rate of ATP formation. In fact, nitrogcfr&ung bacteria in 
the roo ts of pea plant? cou*ur»* nearly a fifth of all the AXP gener- 
ated by the plant, A complementary approach is to increase the 
rate of nitrogen fixation by blue-green algae, which generate their 
own ATP by photosynthesis and thus are not dependent on an 
energy-yielding symbiotic relation. 



NH*+ IS A8SJMILATED INTO AMINO ACIDS BY WAY OF 
QLUTAMATE AND QUlTAMINE 

The next step in the assimilation of nitrogen into biomolecules is 
the entry of NH^ into amino acids* Gkkmato and ghtiamm play 
pivotal roles in this regard. Hie a~ainino group of most ammo adds 
comes from the a-amino group of giutamate by t ransamin ation. 
Glutamine, die other major nitrogen donor, contributes its side- 
chain nitrogen in the biosynthesis of a wide range of important 
compound ff_ 

Glutamate is synthesized from NH^ and a-ketoglularate, a cit- 
ric acid cycle intermediate, by the action dt gbUmufr dckpdwgmas^ 
This enzyme has already been encountered in die degradation of 
amino adds (p. 408> In the biosynthetic direction, NADPH is the 
reductant, whereas NAD+ is the oxidant in the catabohc direction. 

NH^ + o4xtoglutarate + NADPH + H* 

L-glutamate + NADP 1 " + Hp 

Ammonium ion is incorporated into glutamine by the action of 
gtuUarm* syoduUtst. This amidation is driven by the hydrolysis 
of ATP. 
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Basic sec of twenty amino actdi 


NoneseonUaJ 




Abmino 


Arginine 


Asparagino 


Hlstidina 


Aspartate* 


Jool&ucino 


Cysteine 


Louolne 




Lysine 


Gtutaonn* 


Mtfhkmfoe 


Glycine 


Phenylalanine 


Proline 


Threonine 


Serine 


Tiyptophsn 


Tyfodno 


Vafma 



The regulation of glutaminc synthetase plays a critical role in con- 
trolling nitrogen metabolism, as will be discussed shortly* 

Giutamate dehydrogenase and glutamine synthetase are present 
in all organism! Most procaryotes also contain glutamate synthase, 
which catalyzes the reductive arninauon of <t-ketog)utajrate. The 
nitrogen donor in this reaction is glutamine, and so two molecules 
of glutamate arc foiroed. 

o-Ketoglutarate + glutamine + NADPH + W * 

2 glutamate + NADP* 

When is limiting, west the glutamate if made hy the sequential 
action of ghaamine synthetase and glutamate synthase. The sum of these 
reactions is 

NJV + a-ieto^utarat^ + NADPH + ATP > 

uglutamate + NAOP+ + ADP + P> 

Note that this stoichiometry differs from that of the glutamate de- 
hydrogenase reaction in that an ATP is hydmlyzed. Why is this 
more expensive pathway sometimes used by & cati? The answer is 
that the £T H of glutamate dehydrogenase for NH** is high 
1 mM)> and so this enzyme is not saturated when NH 4 + is limit- 
ing- In contrast, glutamine synthetase has very high affinity for 

N*V- 



AMINO ACIDS ARE SYNTHE817EP FROM CITRIC ACID 
CYCLE AND OTHER MAJOR METABOLIC INTERMEDIATES 

Thus far, we have considered the conversion of N a into NR» + and 
the assimilation of NIV into glutamate and gtutaraine. Wc turn 
now to the biosynthesis of the other amino acids. Bacteria such as 
E. coii can synthesize the entire basic set of twenty amino acids, 
whereas hirniflfiT can make only half of them* The amino adds that 
must be supplied in the diet arc called essential whereas the others 
are termed nmessmtial (Table 21-1), These designations refer to the needs 
an organism under a particular set conditions. For ftframplfi , enough 
arginine is synthesized by the urea cycle to meet the needs of an 
adult but not those of a growing child* A deficiency of even one 
amino add results in a negative nitrogen balance* In this state, more 
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protein is degraded than is synthesized, and so more nitrogen is 
excreted than is ingested 

The pathways for the biosynthesis of amino acids are diverse. 
However, they have an important common feature; their carbon skel- 
etons come Jwm gfywtytie, pentose phosphate pathway or citric add cycle 
intennediatci. A further simplification is that there are only six biosyn- 
ihetie families (Figure 2H). 

The nonessential amino wds are synthesized by quite simple 
reactions, whereas the pathways for the formation of the essential 
amino acids are quite complex. For example, the nonessential 
amino acids alanine and asp&rw* are synthesized in a single step 
from pyruvate and oxaloacttate, respectively. Each acquires its 
amino group from glutamate in a transamination reaction in which 
pyridoxal phosphate is the cofactor (p. 410); 

Pyruvate + glutamaie alanine + a-ketoghitarate 
Oxaloacet&te + glutamate aspartate + a-ketoglucarate 
Aspmigmc is then synthesized by the aroidation of aspartate: 



Aspartate + NH 4 + + ATP - 



asparagiue + AMP -h PP f + H* 



48a 
Chapter 21 

BIOSYNTHESIS OF AMINO AClOS 



/ i \ 
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Asparagina Mmhioninfr* 
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Isoleucine* 



i 
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Cysteine Glycine 



/ 1 \ 

Alanine Valine" Lmjdne 4 ' 
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other amino Acidf we ilnMlf*f red. J5o- 
«earie! *mw acids aie designated by 
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ATP ADP 
NADU NAD* 
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CDO- 
H-C-OH 

Co, 5 - 



In mammals, the nitrogen donor in the synthesis of asparagine is 
glutamine richer than NH 4 + . 

Another one-step synthesis of a nonessential amino acid is the 
hydroxylation of phenylalanine (an essential amino acid) u> tyrosine^ 
a reaction occurring in mammals. 

Phenylalanine + 0 2 + NADPH + > 

tyrosine + NADP* -h H^O 

This reaction is cataly2cd by phenylalanine hydroxylase, a mono- 
oxygenase discussed previously (p. 424). It is noteworthy that Tyro- 
sine is an essential amino acid in individuals lacking this enzyme. 



GLUTAMATE 18 THE PRECURSOR OF GLUTAMINE 
AND PROLINE 

The synthesis of glutamate by the reductive animation of a-Jceto- 
glutanue has already been discussed (p. 487), as has the conversion 
of glutamate into glutarainc (p. 488> Glutamate is the precursor of 
one other nonessential amino acid, proline. First, the v-carboxyl 
group of glutamate reacts with ATP to form an acy) phosphate. 
This mixed anhydride is then reduced by NADPH to an aldehyde. 
Glutamic y^semi aldehyde cyclizes with a loss of H z O to give A'* 
pymriinc^-caiboxylate, which is reduced by NADPH to yield pro- 
line. 




NAOPH MA DP" 




oo- 



o'-PyrraGnO' 



SERINE IS SYNTHESIZED FROM 3-PHOSPHOOLYCERATE 

Serine is synthesized from 3-ptosphogtyci?ai£, an intermediate in 
glycolysis. Hie fim step is an oyidfltioti to 3-phosphohydroatypyru- 
vate. Tb is a-kcto act d is tranaaminated to 5-phosphoserine, which is 
then hydrolyzed to yield serine. 



NAD r NAOH 



IPO, 1 " 
pyfwvts 



coo- 

3-i 



coo- 
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Alternatively, hydrolysis of die phosphate group may precede oxi- 491 
datioa and transamination : Chapter 21 

3~Phosphogiyccr&te > gjycerate > 

hydroxypyruvate * serine 

Serine is the precursor of glycine and cysteiw. In the formation of 
glycine, the side-chain /{-carbon atom of serine is transferred to 
tctTotyfrpfolafe, a carrier of one-carbon units that will be discussed 
shortly. 

Serine + tetrahydrofolate 

glycine + nxetbylenetetrahydrofolate + H2O 

This conversion is catalyzed by www trw&ydnxjmttkptesc, a pyri- 
doxal phosphate (PUP) enzyme. The bond between the a- and 
carbon atoms of serine is labiUzed by the formation of a Schiff base 
between serine and PLP- This /J-carbon atom of serine is then trans- 
ferred to tetrahydrofolate. Glycine can also be formed from CO^ 
NH/, and me^yjenetetiahydiofolatc in a reaction catalyzed by 
gtycine syntkau. The conversion of serine into cysteine requires the 
substitution of a sulfur atom derived from methionine for the side* 
chain oxygen atom* This reaction sequence will be presented after 
one-carbon metabolism has been considered. 



TrrRAHYDRQFOlATE CARRIES ACTIVATED ONE-CARBON 
UNITS AT SEVERAL OXIDATION LEVELS 

T&ahydjofdaU (also called tettahydiopietoylgtutamatc), a highly 
versatile carrier of activated one-carbon uniis, consists of three 
groups: a substituted pteridtne, /wnrnobenzoate, and giutamatc- 
Mammals are unable to synthesize a pteridine ring. They obtain 
tetrahydrofolate from their diets or from microorganisms in their 
intestinal tracts. 




two 21*2 

Oo&czufeort groups catrictj by 
tetxahydnafokoc 



TttafryerofolK* 



The one-carbon group cairied by tetrahydrofolate is bonded to 
its N-5 or N-10 nitrogen atom (denoted as N 6 and N* 0 ) or'to both. 
This unit can exist in three PK idarift n states (Table 21-2), The most 
zeduccd farm carries a methyl group, whereas the intermediate form 
carries a mtiplsne group. The most oxidized forms carry a methapk 
Jbnnjff, or Jbrminmo group. The most oxidized one-carbon unit, COj, 



Group 



Most reduced 


— CH, 


Mathyi 


Intermediate 




Methylene 


Most oxidized 


— CHO 


Formyl 




— CHNH 








Methenyi 
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is carried by biotin (p. 348) rather than by tetrahydrofojaie. 

These one-carbon units are interconvertible (Figure 21-5). N 5 , 
N /0 -^/A)r/<wtetrahytJrofoJ ate can be reduced to N 5 -mcihyl\cira- 
hydrofolate or oxidized to A^TO/A^/tetrahydroft>late. N* N t9 - 
Af^f/OT^/ierrahydrofolate can be converted into N^fonmmmoxcxr^ 
hydrofolate and JV" Ja -^^/tetrahydrofoIate, which are at the same 
oxidation level Ar w -Pormyltetrahydrofolate can also be synthe- 
sized from formate and ATP: 

Formate -f* ATP + tetrahydrofolate ^= 

^ 10 -formyltetrahydrofolaie + ADP + P 4 

These tetrahydwfolate derivatives save as donors <mc-carban mils in a 
variety of biosjutAescs. Methionine is synthesized from homocysteine by 
transfer of the methyl group of /y 6 -raeihyJtetrahydrofoJate, as will 
be discussed shordy. Some of the carbon atoms of purines are derived 
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from the N^N^-mexhcnyl and the /V^-formyl derivatives of tetra- 

hydrofolate. The methyl group of thymine, a pyrimidine, corner from Chapter 2 1 

N*> tf 10 -methyleoetetrahydrofolate. This tetrahydrofolate deriva- BIOSYNTHESIS OF AMINO ACiOS 

live also donates a one-carbon unit in the synthesis of glycine from 
COg and NH« + , a reaction catalyzed by .glycine synthase. 

CO z + NH/ + AT 6 , ^^-tnethylenetetrahydrofoiate + NADH 

glycine + tetrahydrofoiaie -f NAD"*" 

Thus, one-carbon units at each of the three oxidation levels arc 
utilized in biosyntheses. In turn, tetrahydrofolote struct as an accepter of 
one-carbon units in 4(grudatu>c reactions. The major source of one-carbon 
units is the conversion of serine into glycine, which yields AT 5 , N 10 - 
methylene tetrahydrofoiaie, as previously mentioned Serine can be 
j derived from 3~phosphoglycexate (p. 490), and so this pathway enables 

one-carbon units la be formed de twdq from carbohydrate. The breakdown of 
histidint yields Mforroiminoglutamate, which transfers its formi- 
mino- group to tetrahydrofohitc to form the ^-derivative. 



^ABENOSYLMCTHrONIN6 IS THE MAJOR DONOR 
OF METHYl GROUPS 

Tetrahydrofolate can carry a methyl group on its A^-atom, but its 
transfer potential is not suffi c iently high. Rather, the activated 
methyl donor in most biosymheses is S-ademsylnuihionine, which ha* 
already been encountered in the conversion of phosphatidyl etbar 
no lamine into phosphatidyl choline (p. 459). &Adenosybnethio* 
nine is synthesized by the transfer of an adenosyl group from ATP 
to the sulfur atom of methionine, The methyl group of the methio- 
nine unit is activated by the positive charge on the adjacent sulfur 
atom, which makes it much more reactive than <tf *~mcthyltetra- 
hydrofolate. 



ATP 






"Activated methyl Qroup 
Spacc-£!lhig nwdri of 



^ Atfioottyfenetiilonliio 



The synthesis of £adenosyiiuethionine is unusual in that the tri- 
phosphate group of ATP is split into pyrophosphate and orthophos- 
phate. Pyrophosphate is tbcnhydrojyzed- Tiros, all of the phospho- 
rus-oxygen bonds in ATT arc split in this activation reaction, 
which markedly enhances the reactivity of the methyl group. 
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S-Adtw&thomacystemt is formed when the methyl group of £-aden- 
osylmcthionine is transferred to an acceptor such as phosphatidyl 
ethanolamine. .S-Adenosylhomocysiejnc is then bydrolyzed to homo- 
cysteine and adenosine. 
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Methionine can be regenerated by the transfer of a methyl group 
from A^-methyketrahydrofolate, a reaction catalysed by homwys- 
trine mcsfyltrcMfftrau. 
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RgUT# 21-7 

Activated methyl cyd* 
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This transfer of a methyl group is mediated by mettyfcobaiaaiiri, the 
coenzyme of homocysteine transinethyiasc* In fact, this reaction 
and the rearrangement of wncthyimaJonyl CcA to succinyl GoA 
(p, 419) are the only two known Vitamin B^-dependcnT reactions 
in mammals. Alternatively, homocysteine can be methylated to 
methionine by donors such as baaing an oxidation product of cho- 
line. 

These reaction* constitute the activated mtthjl cycle (figure 21-7). 
Methyl groups enter the cyde is the conversion of homocysteine 
into methionine and are thm made highly reactive by the e*pcndi - 
twe of 3 ~F. The high transfer potential of the methyl group in 
S-adenosyimethionioe enables it to be cransfinred to a wide variety 
of acceptors, such as the amino group of the neurotransmitter nor- 
epinephrine (p. 896) and a glutamace residue of a regulatory pro- 
tein in chemocasds (p. 909). 



CYSTEINE IS SYNTHESIZED FROM SERINE 
AND HOMOCYSTEINE 

Homocysteine is an intermediate in the synthesis of cysteine, in 
addition to being a precursor of methionine in the activated methyl 
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f^utw 31-8 
Synthesis of cysteine. 



cycle Serine and haroocystejine condense to form errtolfiioHm* (Fig- 
ure 21-8), litis reaction is catalyzed by cystathionine synthetase, a 
PLP enzyme. Cystathionine fa then deaminated and cleaved to 
cysteine and o-kctobutyratc by qmethioniMse, another PLP enzyme. 
The net reaction is: 

Homocysteine + serine > cysteine -h o-betobutyiate 

Note that the sulfar atom of cysteine is derived from homocysteine* 
whereas the carbon skeleton comes from serine. 

This completes our 
sential amino acids* Hie formation of tyrosine by the hydxoxylation 
of phenylalanine was discussed earlier (p. 424). 



3HIKIMATE AND CHORISNIATE ARE INTERMEDIATES IN 
THE BIOSYNTHESIS OF AROMATIC AMINO ACIDS 

We torn now to the biosynthesis of rssfntifll amit y? ariffe, which are 
formed by much more complex routes than are the nonessential 
amino acids, TWo pathways have been selected for discussion 
here^— those of the aromatic aroint acids ffr rd of hisudiue* 

Phenylalanine, tyrosine, and tryptophan are synthesized by a 
comm on pathway in E. coH (Figure 21-9). The initial step is the 
condensation of phosphoenolpyruvate (a glycolytic intermediate) 
and erythnrae ^-phosphate (a pentose phosphate pathway interme- 
diate). The resulting Cj open-chain sugar loses its phospboryl group 
and cycUzcs to 5-debydrixjirioate. Dehydration then yields 
5-dehydroshikunatc, which is reduced by NAPFH to shikimtfs (Fig- 
nre 21-10). A second molecule of phosphccnolpyruvate then con- 
denses with 5>pho3phoflhikimatft to give an intermediate that loses 
its phospboryl group, which yields charisma**. 



Eiytfirose 4-phosphate 
Phosphoenolpyruvaie 



Shiklmate 



Chorismaio 

/\ 

Prepbwww Amhranilat© 

y\ ■ i 

Pfcenytatenine Tyrosine Tryptophan 

Pathway fbr (he bjosymbcsu of 
axtuaaife unrin^ adds la £• coll. 
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Chorismate 
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B-phosphat* 

91-tO 

Syntnetfe of chotiunatc, an intermediate in in* bkoymbeas of phenylalanine, tyrosine, and tryptophan in £, cob* 



The pathway bifurcates at chorismate. us first follow the 
prtphenau branch (Figure 21*1 1). A mutajse converts chorismate into 
prcphenate, the immediate precursor of the aromatic ring of phen- 
ylalanine and tyrosine. Dehydration and decarboxylation yield 
phatfltyiwau, Alternatively, prcphenate can be uxidativcly decar- 
boxyiated to yield p^pdrw&phapipjmuat*. These a-fceto arid? are 
i hen transaxninaced to yield phenylalanine and tyrosine, respectively. 

He branch starring with anthTtmitetr leads to the synthesis of 
tryptophan. Chorferoate acquires an amino group from the side chain 
of gtutaminc to form anthranilatc. In f^cx^ghUamine serves as an amino 
donor in many biosjnthetie reactions. Anthranilatc then condense* with 
plmpkoribosylfriopkospkBU (PRPP), an aawawtjorm of rioose phosphate. 
PRJPP is also a key intermediate in the synthesis of hirodinc, purine 
nucleotides, and pyrimktine nu d e o ti dc H (p. 514> The G~i atom of 
riboeeS-yhogphatcbcconKSb^ 

niiate in a reaction that is driven by the hydrolysis of pyrophos- 
phate* 



*-0,POCH, 



HO oh ir U 

(PRPP) 



HO OH 
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Syvubcw of pbeay)&)anu>6 and vyratii* 
from chorismacc 




coo- 

W — C — NHj* 
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HO OH 



OOQ- 

"TO 



AF-fi'-Pbotphorftxwyi- 



Sarin. ^ f f ff 

V y t^n r-t ^-CH,-O-4-~0- 
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BfM» 21-12 

SynthcsU of tryptophan ftora chorigmnfcv 
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flgurt 31-13 

Proposed interattdiate in die fyntfcesis 
of tryptophan. Serine form* » Schiff 
hsae with PX-P on a /i chain aad u 
then dehydrated to give the Scfciff U»p 
of smmnanrylatc (*hovm in red)* 
Hits cnxyiac*O0umt mtrrmrdtotr to 
attacked by indole, the product of the 
partial nactioa catalysed by the a 
submiit, to give Tryptophan. 



The ribose moiety of phosphoribosylanthnvnilatc undergoes rear- 
rangement (Figure 21*12) to yield 1 -(o-carboxy phenyl amino)- 1 - 
deoxyribulose 5-phosphate. This intermediate is dehydrated and 
decarboxylatcd to form tiidoU-Z-gly&TQl phosphate. Finally, indole- 
3-glycerol phosphate reacts with serine to form tryptophan. The glyc- 
erol phosphate side chain of indoles-glycerol phosphate is replaced 
by the carbon skeleton and amino group of serine. This reaction is 
catalyzed by tryptophan synthetase. 

Ttypxophon synthetase of E. coli has the subunit structure <x z p r The 
enzyme can be dissociated into two a subunits and a 0 2 subunic. 
The isolated subunits catalyze partial reactions that lead to the 
synthesis of tryptophan; 

Indoic-3-gIycerol phosphate ■ * ?* U S - ', 

indole + glyceraldehyde 3-phosphate 

Indole + serine * tryptophan + H 2 0 

Each active site on the /9 a subunit contains a PW* prosthetic group. 
The catafytie properties of the a and & subunits are marfadi? altered m the 
Jprmation of the complex- The rates of die partial reaction* are 
more than ten times as great for the complex as for the isolated 
subunits. Furthermore, the a^t t complex synthesizes tryptophan by 
a concerted mechanism. Indole formed by the first partial reaction 
reacts immediately with serine, so that indole is not released from 
the a^ 2 complex. Thus, the catalytic properties of a rnultisubunit 
enzyme can be altered by interactions between its subunits. 

HIST1PINE IS SYNTHESIZED FROM ATP, PRPP, 
AND QLUTAMINE 

The pathway for hisridine biosynthesis in £ coli and Salmonella 
contains many complex and novel features (Figure 21-14). The re- 
action sequence starts with the condensation of ATP and FKFP, in 
which N-i of tbc purine ring becomes bonded to C-l ofthe ribose 
unit of FRPP. In Act, five carbon atoms of histidtnft come from 
PFPP. The adenine unit of ATP provides a nitrogen and a carbon 
atom of the imidazole ring of hisudine. The other nitrogen atom of 
the imidazole ring comes from the side chain of ghitanune. A note- 
worthy aspect of this pathway is that 5<uninoimfd«74>lc4rc^rbosa- 
mide ruwnudootide, which is produced in the cleavage reaction 
that forms the imidazole ring, is an intermediate in purine biosyn- 
thesis (p, 515}. Thus, bistidine biosynthesis and purine biosynthesis 
are linked* 
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Part \\\ 

BIOSYNTHESIS 



AMINO ACID 0IOSVNTHE8IS 18 REGULATED 
BY FEEDBACK INHIBITION 

The rate of synthesis of amino acids depends mainly on the amounts 
of the biosymhetic enzymes and on their enzymatic activities. We 
will now consider the control of enzymatic activity. The regulation, 
of enzyme synthesis will be discussed in Chapter 28* 

The first irreversible reaction in a biosynthetic pathway, called 
the committed step, is usually an important regulatory site. Thcjinal 
product qf the pathway (Z) often inhibits the mzyme that catalysts the 
committed sup {A By This land of control is essential for the con- 
servation of building blocks and metabolic energy. The first exam- 
ple of this important principle of metabolic control came from 
studies of the biosynthesis of isoleucinc in & colu The dehydration 
and deamination of threonine to a-ketobutyrate is the committed 
step in the synthesis of isoleucine. Threonine deaminase, the PLF en- 
zyme that catalyzes this reaction, is aUosterically inhibited by iso- 
leucine. 



H— C— COO- 

l — OH 1 



: 1 

-COO- H — C — COO~ 

— > — ► — * — , H--e— ch, 



CH» 



Likewise, tryptophan inhibits the enzyme complex that catalyzes 
the first two step in the conversion of chorismate into tryptophan. 
Consider a branched biosynthetic pathway in which Y and Z are 
the final products. 



Suppose d»t high levels of Y orZ completely inhibit the firat com- 
mon step (A — ► B> Then, high levels of Y would prevent the syn- 
thesis of Z even if there were a deficiency of Z. Such a regulatory 
scheme is obviously not optimal* In feet, several intricate control 
mechanisms have been found in bran ched biosynthetic pathways: 

1. S^tmtialf^dbac^ 
inhibited directly by YorZ, Rather, these final products inhibit the 
reactions leading away from the point of brandling: Y inhibits die 
C D step, and Z inhibits the C ^ F step. In turn, high levels of 
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C inhibit the A — » B step. Thus, the first common reaction is 
blocked only if both final produces arc present in excess. 

>° — v 

Sequential feedback control regulates the synthesis of aromatic 
amino acids in Bacillus svbttiis. The first divergent steps in the syn- 
thesis of phenylalanine, tyrosine, and tryptophan are inhibited by 
the respective final product. If all three are present in excess, 
chorismate and prephenate accumulate. These branchpoint inter- 
mediates in turn inhibit the first common step in the overall path- 
way, which is the condensation of phosphoenolpyruvate and ery- 

throse. 4*phofiphaxe. 

2. Enzyme nwUipHdfy. The distinguishing feature of this mecha- 
nism is that the first common step (A -* B) is catalyzed by two 
different enzymes. One of tlftera is inhibited by Y, and the other by 
Z. Thus, both Y and Z must be present at bigb levels to prevent the 
conversion of A into B completely. The other aspect of this control 
scheme is like that in sequential feedback control; Y inhibits the 
C-» D step and Z inhibit? the C —* F step* 



A a — ► c ^ 

mtftftwi 



y. 



Differential inhibition of multiple enzymes controls a variety of 
biosyntbetic pathways in irUcmjrgaaism*. In£. the condeusa* 
tion of phosphoenolpyruvute and erythrose 4-phosphatc is cata- 
lyzed by three different enzymes* One is inhibited by phenylala- 
nine, another by tyrosine, and the third by tryptophan. 
Furthermore, there are two different mutases that convert choris- 
roatc jato prephenate. On« of them is inhibited by phenylalanine, 
the other by tyrosine. 

& Concerted fie^aA conml* The first common step (A B) is 
inhibited only if Ugh levehi of Y and Z arc simultaneously present 
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45* 



46 A 




45 A 



140 A 

Tbrte view* of & «6 gtamaine iyn- 
ibeca$e obtained by aupexpawog *evo*l 
dearon ndcrograpr*. The twdve sul>* 
vnl* ftrc arteiiged i» two hnrsg o rml 
ring? tb»t fees escb orber, [Courtesy of 
Dr. Earl St&drman.] 



A high level of either product alone docs not inhibit the A — * B 
step. As in the two control schemes just discussed, Y inhibits the 
C->D step and Z inhibits the C — > F step. 

I 0 ■» E ' Y 



tot 

Ad example of concerted feedback control is the inhibition of 
aspartyl kinase by threonine and lysine, the final products. 

4. Cwmfativt feedback control. The first common step ( A — » B) is 
partially inhibited by each of the final products. Each final product 
acts independently of the others. Suppose that a high level of V 
decreased the rate of the A —* B step from WO to 60 sec - * and that 
Z alone decreased the rate from 100 to 40 secrt. Then, the rate of 
the A — * J) seep in the presence of high levels of Y and Z would be 
24 sec" 1 (0.6 X 0.4 X 100 sec" 1 ). 



THE ACTIVITY OP GUJTAMlNE SYNTHETASE 
IS MODULATED BY ADENYLYLATION 

The regulation of glutaminc synthetase from £. coH is a striking 
example of cumulative jtedbctck inhibition* Recall that glutaminc is 
synthesized from glutamate, NH 4 +, and ATP (p. 488). Glutaminc 
synthetase consists of twelve 50-kdal subunits arranged in two hex- 
agonal rings that face each other (Figure 21*15). This enzyme b a 
key control element in intermediary metabolism bec ame it regu- 
lates the Sow of nitrogen, as shown by Earl Stadtman and his col- 
laborators. The amide group of glu tamitie is a source of nitrogen in 
die biosyntbeses of a variety of compounds such as tryptophan, 
hisudinc, carbamoyl ph os pha te, glucosamine &phaspbatc, CIV, 
and AMP. Ghuamine synthetase is cumulatively inhibited by each 
of these final products of glutaminc metabolism, as well as by ala- 
nine and glycine. There seem to be specific binding sites for cadi of 
these inhibitors. The enzymatic activity of ghuamine synthetase is 
almost completely switched off when all eight final product^ are 
bound id the enzyme. 

Another important and related feature of glutaminc synthetase 
from E- coli i$ that its activity is altered by rcttmbUcevctk&ma4$tor 
fto* (Figure 21-16). This type of control was previously encountered 
in the synthesis and degradation of glycogen, (p. 368). Phosphoryla- 
tion activate glycogen phosph^ inactivates glycogen syn- 
thetase. The activity of glutamine synthetase is regulated in pan by 
the covaknt attachment of an AMP unit to the hydroxy 1 group of a 
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Deadenytytated 
gfummine synthetase 
(More acrtve) 





Adepytyteted 
gimamine synthetase 
(l*ss active) 



ADP P, 

Ffflwr« 2V1$ 

Control of the activity oT gfutamme syrtrbeta*e by reversible 
covaknt modification, Adcnylylatioa b catalysed by a complex 
of adeaytyl trantfenwc (AT) and one form of a regulatory pro- 
tein (PjJ. The same cnz>mc cornlyvea deadenylylaboa when it 
is completed the other torn (P^) of the regulatory 
proieixv 
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O— 0 — Ribogo — Aden if>e 

<!>- 

A4*ny1y1attd enzyme 



specific tyrosine residue in each subunik This atfapfytoud enzyme is 
mart susceptible to emu/Mm fce&aet infinitum than the dcadmyiylaUd 
firm. TTtc covalmdy attached AMP unit can be removed from cfae 
adenylylated enzyme by pJwpbororysi*. An interesting feature of 
these reactions is that they are catalysed by the same enzyme, 
aitrylyl transferase What then determines whether it acts w> insert or 
remove an AMP unit? It turns out that the specificity of adenylyi 
transferase ia controlled by a regulatory protein (designated P)> which 
can exis t in two forms, P A and P^ The complex of P A and adenyiyi 
transferase attaches AMP ro glutamine synthetase, which thereby 
reduces it* activity, whereas Ac complex of P p and adenyiyl tran^ 
ferase removes AMP. This brings us ro another level of reversible 
covalent modification. P A is converted into P D by the attachment of 
uridine monophosphate (UMPX a» ahown in Figure 21-17, This 
reaction, which is catalyzed by a uridyl transferase is stimulated by 
ATP and a-ketoglutarate, whereas it is inhibited by ghitamine, in 
turn, the two UMP units on Fj> can be enzymatically removed by 
hydrolysis 

The outcome of this regulatory eastade is that adenylylation is in- 
hibited and deadenylylation is stimulated if the supply of activated 
nitrogen is low- Qlutanrine^tbetase then becomes kss susceptible 
to cumulative feodbacfc in hibi t ion, and the supply of ghitamine 
consequently increase* Why is a cascade used to regulate this en- 
zyme? One advantage of a cascade is that it amplifies signals, as in 
blood dotting (p. 171) and the control of glycogen metabolism 
(p. 373), Another likely reason is that the potential far alksterk amtrxU 
is marked 

ent target for regulation* The integration of nitrogen met ab ol is m in a 
cell requires that a large number of input signals be detected and 
processed. Hiere are limits to what a sin^ protein can accomplish 
on its own— even a molecule as sentient as glutamine synthetase! 
The evolution of a cascade provided many more regulatory sites 
and made possible a finer tuning of the flow of nitrogen in the cell. 



2UTP 



2PP ( 




2 UMP 2 HjO 

Ftynv 21-17 

A higher level ia the regulatory < 
cade of glutamine vyntheusc and 
Pp, the regulatory proteins that control 
the specificity of gftttar&ine synthetase* 
arc interconvertible, F A it converted 
into rV by urfdylylauon, which I* re- 
versed by hydro! yak. The emsyznes eat- 
^^y^^^^j^ ^^^^^^ ^c^£^io^i^ ^^^d^^ t^^^ COtk- 
ceatrauoas of metabolic intexmed^ares* 




Kfluro 21-18 

A model of gfotanuae vyxnttetasa show- 
ing the p eripto al site of adenyrylaaoa. 
(After a (toying Jdndry provided by 
Pr. X>avid Ebenbenr] 
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AMINO ACIDS ARE PRECURSORS OF A VARIETY 
OF BIOMOUECULES 

Amino acids arc the building blocks of proteins and peptides. They 
also serve as precursors of many kinds of small molecules that have 
important biological roles. Let us briefly survey some of the biomol- 
ecules that arc derived from amino acids (Figure 21-19). Purines and 



CO- -O" 



H n 

w I J 



H 1»T, 



Advnfne 

(A purine* 



pyrimidinc) 




SphlAgottn* 



HC 



H 




Thyrrttot 
{TeonWomYronlncJ 



Epinephrine 

F%ur» 21*10 

$toaofccuk* derived ftwn amino *<4ds- 



Nfcaifnamtfo unit 
of NAP' 



fiyrimidiw arc derived in part from amino adds. The biosynthesis of 
these precursors of DNA, RNA, and numerous coenzymes is dis- 
cussed in detail in the next chapter. Six of the nine atoms of the 
purine ring and four of the six atoms of the pyrirntdine ring are 
derived from amino acids. The reactive terminus of *f&jgann& an 
intermediate in the synthesis of sphingolipids, comes from serine. 
Htitemw, a potent vasodilator, is derived from histidine by decar- 
boxylation. Tyrosine is a precursor of the hormones tkfroxmc 
(tctrak>d0thynm^ 

men*. The neurotransmitter S-lpdmyfyptantifit (smUmm) and the 
nicotinamide ring of NAD* are synthesized from tryptophan. Gluta- 
raine contributes the amide group of the nicotinamide moiety* 



PORPHYRINS ARE SYNTHESIZED FROM GLYCINE 
AND SUCCfNYU COENZYME A 

The involvement of an amino acid in the biosynthesis of the por- 
phyrin rings of hemes and chlorophylls was first revealed by iso- 
tope-labeling experiments carried out by David Sberain and bis 
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colleagues, In I9i5, they showed that the nitrogen atoms of heme 
wei* labeled following the feeding of w jV-glycine to human sub- 
jects, whereas ,5 W**glutamate resulted in very little labeling. Using 
carbon- H, which had just become available, they discovered that 
in nucleated duck erythrocytes 8 of the carbon atoms of heme are 
derived from the o -carbon of glycine and none from the carboxyl 
carbon (Figure 21-20). Subsequent studies demonstrated that the 
other 26 carbon atoms of heme can arise from acetate. Moreover, 
the l *C in methyl -labeled acetate emerged in 24 of these 26 car- 
bons, whereas, the X *C in carboacyl-labeled acetate appeared only in 
the other two. This highly distinctive labeling pattern led Shemin 
to propose that a heme precursor is formed by the condensation of 
glycine with an activated succinyl compound. In feet, thefirst step in 
the biosynthesis of porphyrins is the condensation of gfydm md swxinyl CoA 
to form S-amirwUvulinate. 



SOS 



Nrt 4 

in, 
toe 



2 



CO, * 
K* CoA 

V/,, 0 



coo- 



t 



S-AmfnotevuibuTD 



This reaction is catalyzed by 5-aminokvulinate synthetase, a PIP 
enzyme in mitochondria. As expected, this committed-step in the 
biosynthesis of porphyrins is regulated. Two molecules of 5-amino- 
tevuhnate then condense to form purphob&nogm. This dehydration 
reaction is catalysed by c^minolevtulmate debydrase- 



+ 2 K 2 0 + H* 




f-flntlnofwninnif 




CH 3 — CO0- 
GtyclrW 




tabcUug partem of fcemo yy nthcgfanrt 
from glycine *ad acetate. The nitroge* 
atoms (btae) arise from the amino 
group of glycine. The outfit* of the 
carbon atoms act: yellow, from tfec o- 
carbon of gtyewei green* j&aroJy from 
ihe xvtcdry) carbon of accta*©; and rod, 
from th* carbovyl carbon of acetate. 



Four porphobilinogens condense head-to-tail to form a linear 
utrapynvk, which remains bound to the enzyme (Figure 21-21). An 
ammonium ion is released for each methylene bridge formed. Tliis 
linear tetrapyrrole cyclizes toy losing NH 4 "*\ The cyclic product is 
uroporphyrinogen III, which has an asymmetric arrangement of 
side chains Th^ reactions re<pur^ In 
the presence of synthetase alone, uzoporphyrinogen I, the jrymmet- 
ric isomer, is produced. The cosynthetase is essential for isomerizing 
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Hour* 21^22 

Spptto-fiQfeg model of protoporphyrin 
DC, Am immediate precursor or heme 





PnrtOpOfptiyilR (X 
Figure 2^21 

Pathway for ihe *ynttero of heme from porphobilinogen- (Abbreviations: 
acetate; M, mctbyj; P, propionate, V, vinyl) 



one of die pyrrole rings to yield asymmetric uroporphyrinogen III. 

The porphyrin skeleton is now formed. Subsequent reactions 
alter the side chains and the degree of saturation of the porphyrin" 
ring (Figure 21-21). Cbpwporphyrzzwgcn ZW is formed by decarooxyU» 
tion of die acetate ride chains. Unsaturating of cbe porphyrin ring 
and conversion of two of the propionate ride chains into vinyl 
groups yield pretopQTphjnn ZJT. Chelation of iron finally gives htm*, 
the prosthetic group of proteins such as myoglobin, hemoglobin, 
catalase, pe roxid ase, and cytochrome c. The insertion of the jknmis 
form of iron is catalysed byfemdukum* Iron is transported in the 
plasma by tomsfmin, a protein that binds two fork ions, and stored 
in tissues inside molecules of ferritin. Hie large internal cavity 
(~~8Q A diameter) of ferritin can bold as many as 4500 ferric ions. 

Several factors that regulate heme biosynthesis in animals have 
been elucidated- rkHo-(fniiiHi1 fW ilif\($f sptithctesf, ike emg&n (Jyit coUt- 
hses the canuxutted iteti in this AotAuum, is feedback inhibited bv hana as is 

taminolevulinate dehydrese and farochelatasc. Regulation also 
oocutb at the level of enzyme synthesis. Htme repmm the synthesis 
&<mm(exuHm* ^ Recent studies suggest that the iron atom 
itself may be the active regulatory species. 
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PORPHYRINS ACCUMULATE IN SOME INHERITED 
DISORDERS OF PORPHYRIN METABOLISM 

Several inherited disorders of porphyrin metabolism arc known. In 
congenital ctylhtopoittic porphyria, there is a deficiency of uroporphy- 
rinogen lH cosynthctase, the isotneraae that yields the asymmetric 
isomer on cyclization of the linear tctrapyrrole. The synthesis of the 
required amount of uroporphyrinogen m is accompanied by the 
formation of very large quantities of uroporphyrinogen I, the sym- 
metric isomer devoid of a physiologic roje. Uroporphyrin I, copro- 
porpbyrin X, and other symmetric derivatives also accumulate* 
Erythrocyte* are prematurely destroyed in this disease, which is 
transmitted as an autosomal recessive. The urine of patients having 
this disease is red because of the excretion of large amounts of 
uroporphyrin I Their teeth exhibit a strong red fluorescence under 
ultraviolet light because of the deposition of porphyrins. Further- 
more, their skin is usually very sensitive 10 light. 

Acute intermittent porphyria its a quite different disease. The liver, 
rather than the red cells, is affected, and the skin is not typically 
photosensitive. The activity of uroporphyrinogen synthetase is de- 
creased in this disorder, and there is a compensatory increase in the 
level of 6-aminokvulinate synthetase- Consequently, the concentra- 
tions of 6-aminolevulinatc and porphobilinogen in the liver are 
increased and so huge amounts of these compounds are excreted in 
the urine. The disease is inherited as an autwml dominant. The 
striking clinical symptoms sire intermittent abdominal pain and 
neurologic disturb ances. As i ts name implies, the disease is episodic 
in its clinical expression. Acute attacks are sometimes precipitated 
by drugs such as barbiturate* and estrogens. 




UtofMrptvyrfftogw \ 




BJUVEBOIN AND BILIRUBIN ARC INTERMEDIATES 
IN THE BREAKDOWN OF HEME 

The normal human erythrocyte has a life span of about 120 days. 
Old cells are removed from the circulation and degraded by the 
spleen The apoprotein of hemoglobin is bydrolyzed to its constitu- 
ent amino acid* The first step in the d^adadonofthe heme group 
to bilirubin (Figure 21-23) is the cleavage of its a^nethene bridge to 
form Mi&rdk a linear tetrapyrrote- This reaction is catalyzed by 
heme oxygenase. Two aspects of this reaction an? noteworthy, first, 
this enzyme is a rmnoarrgemx; Og and NADPH are required for the 
cleavage reaction, Second* a tncthene bridge carbon is released as 
carbon nwmuU- This endogenous production of GO posed a special 
problem in the evolution of oxygen carriers (p. 55). Tie central 
metbene bridge of bUiverdiri is then reduced by bfliverdin reduc- 
tase to form bilirubin. Again, the redoctant is NADPH. The change 
ing color of a bruise is a highly visi ble i n di c ati on of these degrada- 
tive reactions. 
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Degradation of heme to bilirubin. 
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Bilirubin complexed to serum albumin is transported to the liver, 
where ic is rendered more soluble by die attachment of sugar resi- 
dues go its propionate side chains. The sblubilizing sugar is ghwrv 
Mtc, which differs from glucose in having a COOr group at C-6 
rather than a CH^OH group. The conjugate of bilirubin and two 
glucuronaxes, called bilimbin digfuwnmuk is secreted into bite- 
UDP-ghammat*, derived Jim the vckkftm vf UDP-ghuose, is the actir 
voted w&mcdiato in the syndesis pfbilm&m digktfvronidc. Thus, the iron 
atom of heme is recycled, whereas the organic moiety is converted 
into a soluble, open-chain form that is excreted. 



SUMMARY 

Microorganisms use ATT and a powerful reductant to convert N 2 
into NJV, which is consumed by higher organisms in die synthesis 
of amino acids, nucleotides, and other trouiotecujes. The major 
points of entry of NH** into intermediary metabolism are giuta- 
minc, ghmunatc, and carbamoyl phosphate- Humans can syndic- 
size only half of the basic set of twenty amino acids. These amino 
acids are called nonessential, in contrast with the essential ones, 
which must be supplied in the diet The pathways for the synthesis 
of nonessential amino adds are quite simple, Giutamate dehydro- 
genase catalyzes the reductive animation of o-ketoghitarate to glu- 
tamatc Alanine and aspartate arc synthesized by r xan<wTp jnnrimi of 
pyruvate and nxaloacetate, respectively. Gtueaminc is synthesized 
from NH 4 t and glntaroate, and agparaginc » synthesized similarly. 
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Proline is derived from giutamate. Serine, formed from 3-pnosphc- 

glyecrate, is the precursor of glycine and cysteine. Tyrosine is syn~ iosynth esis of aminTOds 

fhesized by the hydroxylation of phenylalanine, an essential amino BIOSYNTHESIS OF amino ACIDS 

acid. The pathways for the biosynthesis of essential amino acids are 
much more complex than for die nonessential ones. Most of these 
pathways are regulated by feedback inhibition, in which the com- 
mined step is allosterically inhibited by the final product. The reg- 
ulation of giutamine synthetase from E- coti provides a striking 
demonstration of cumulative feedback inhibition and of control by 
a cascade of reversible covalent modifications. 

Tetrahydrofolate, a carrier of activated one-carbon units, plays 
an important role in amino acid and nucleotide metabolism. This 
coenzyme carries one-carbon units at three oxidation states, which 
are interconvertible; most reduced— methyl; intermediate— meth- 
ylene; most oxidized— fonnyl, formimino, and methenyl The 
major donor of activated methyl groups is *«denosylmeibionine> 
which is synthesized by the transfer of an adenosyl group from ATT 
to the sulfur atom of methionine. S-Adeno^ihoroocysteinc is 
formed when the activated methyl group is transferred to an accep- 
tor. It is bydrolyzed to adenosine and homocysteine, which is then 
methylated to methionine to complete the activated methyl cycle, 

Amino acids are precursors of a variety of biomolecules. Porphy- 
rins are synthesized from glycine and succinyl CoA, which con- 
dense to give o^aminolevulinatc. This intermediate condenses with 
itself to form porphobilinogen. Four porphobilinogens combine to 
form aUne^ tctrapyrrole, which eyejixes to form uroporphyrinogen 
JJL Oxidation and side-chain modifications lead to the synthesis of 
protoporphyrin IX, which acquires an iron atom xo form heme. 
Ddca-aroinokvulinate synthetase, the enzyme that catalyzes the 
committed step in this pathway, is feedback inhibited by heme. 
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PROBLEMS 



l. Write a balanced e^uaoon for the synthesis of 
alanine from glucose, 

Z What arc the i»rcrraediarc3 in the flow of nitro- 
gen from N2 to heme? 

3. What derivative of folate is a rcactam in each of 

the following conversions? 

(a) Glycine serine, 

(b) Hisodine -> g tunmiftfr 

(c) Hcwuocysteiae -» methionine. 

4. In the reaction catalyzed by gUiuraifco syuthe- 
tase, an oxygen atom is ti^mfeiedftomtfaeaWe 
chain of glntaina*e tQ orthoph nsphace, as ghowu 
by J8 04abe*in^ 5mdw^ propose an intetpreia- 
tion lor ih« finding. 

5. isovaleric acidcrnin fe an inhfaifed disorder of 
leucine metabolism ca^iwd by a dtfidency of 
isovakryl-CoA ddrydiogenase. Man/ intants 



having this disease die in the first month of life. 
It has recently been repeated that the adminis- 
xration of large amounts of glycine to two in* 
&ms with thh disease led to marked clinical 
improvement What is the rationale for the use 
of glycine therapy? 

Nitrogenaae catalyzes the formation of HP in 
the presence of a strong reductanc, and ATR 
Fwthennore, H-D exchange depend* on the 
presence of N|- Propose an iniGrrnediate in 
tlsadm that would account for theas observa- 
tiona> 

. Blue-grcen algae form keUro&stj when deprived 
of ammonia and nitrate. They lack nuclei and 
am attached to adjacent vegetative cells* lie^ero- 
cyits have phot03ywem lactrviry hmaieeatiiciy 
devoid of phomsystem P activity. What is their 
role? 
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CHAPTER 




BIOSYNTHESIS OF NUCLEOTIDES 



This chapter deals with the biosynthesis of nucleotides. These com- 
pounds participaie in nearly all biochemical processes: 

1- They are the activated precursors of DNA and UNA. 

% Nucleotide derivatives we activated intermediates in marry bio* 
syntheses. For example, UDP-glucose and C3>pHii^gJyceroi 
are precursors of glycogen and phosphoglyoeride^ respec- 
tively, 

3. ATP, an adenine nucleotide, is the umoeml currenc? of energy in 
biological systems. 

4. Adenine nucleotides are components of three mcgor coenzymes: 

FAD, and CoA, 

5. Nucleotides are metabolic regulators. Cyclic AMP is a ubiquitoufi 
mediator of die action of many honnone^ Ckyvalent modifica- 
tions introduced by ATP alter the activities of some enzymes* , 
ai ewmptifird by die pfcoqtfuvyhtfiaa synthetase 
and the adenylyiatian «rf giutamine synthetase, 

NOMENCLATURE OF BASES* NUCLEOSIDES, 
AND NUCLEOTIDES 

A nucleotide consist* of a nitrogenous base, a sugar, and one or 
more phnsphntr groups The nitrogenous base is a pwine or fiyrimi- " H 

dint derivative, The two major purines axe adenine and guanine, sad Purfa» Fyifcnfcfrw 



H H 
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Structure* of the cn^jor purines and pyrimi<Unec. 



H 
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lht three m^jor pyrimidiacs are yUxiflc, urwt, and c^ymiiM' (Figure 
22-1). 

A nuckosub consists of a purine or pyrinttdinc base United to a 
pentose. The pentose is jy-ribw* or In a nucleoside, 

the glycoside C-l carbon axom of th* pentose is bonded to N-l of 
tbe pyriraidine or N-9 of The purine base. The configuration of this 
tf-glycosidic linage is ft in all naturally occurring nucleosides 



Figure 29-2 

Structure of die ra^or 
tibonuclcosidcs. 




h4 oh 



hA Ah 

Uridinn 



hA Ah 

Oytttlno 



Tn a ribonucjeoside, the pentose is ribose, whereas in a deoxyribo- 
nucleoside it is deoryribose. The major ribon urie o s id es are adauh 
uridine, and cytidint. Th$ major deojejribonudeosides 
arc dcoxyademsmt, dffoxyguamsm, 4efaythptu4m^ and dcuptytidrnt* 
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Note xhat uracil is replaced by thymine, its methylated analog, in 
ihc deoxy aeries. 

A nucleotide is a phosphate cater of a nucleoside. At least one of the 
bydroxyl groups of the pentose moiety of a nucleotide is estcrified. 
The most common site of cstcrification is the hydroxy! group at- 
tached to C-5 of the pentose- Such a compound is called a nucleoside 
5' -phosphate or a 5'^nueleotide. A primed number designates an atom 
of the pentose, whereas an unprimed number designates an atom of 
the purine or pyrimidine ring The type of pentose is denoted by the 
prefix in the terms 5'-ribvmcieotide and S'-deox^twucleotidc. 

Hie nucleotide derived by esterification of the 5'-hydroxyi group 
of adenosine is adenosine S'-phosphato, which is often called adetpkte. 
The name adenylic acid is some times used, but adenylate is pre- 
ferred because the phosphate group is ionised at physiological pfi 
The standard abbreviation for this compound is AMP (for adeno- 
sine monophosphate)* The common names of the other major 5 f - 
ribonucleotides are guwylate (GMP)> wrufyUUe (UMP), and ptidyl** 
(CMP)- The m^jor 5'-deoxyribonudeondes we called deoxyader&laU 
(dAMPX deox&ws&lote (dGMP), dea^lhymidylau (dTMP), and 
deoxyytityloto (dCMP> The fi ret letter in their abbreviations is a d to 
denote that they are 2'*deoxyribonucleotides. 

In a nucleoside 5' -diphosphate, a diphosphate group is esterified to 
the 5'-hydroxyl of the pentose, whereas in a nucleoside S'-triphosphoU, 
a triphosphate group is linked to this bydruxyl Thus, the adenine 
ribonucleotide series is called adenosine S^manophosphate (AMP), 
adfrKMin- 5 , -diphosphate (ADF), and adenosine 5'-triphosphatc 
(ATP). The corresponding deo^ryribtmiideotides are deoxyadeno- 
*ine 5'~monophosphate (dAMP), deoxyadenosine 5'-diphosphate 
(dADP), and deoxyadenosine S^triphosphate (dATP), The nomen- 
clature of bases, nucleoside*, and nucleotides is summarized In 
Table 22-1, 
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BIOSYNTHESIS OF NUCLEOTIDES 
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Thymftfloo fr'-fHioopfcate 
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fflboftudtoskh 


f&tomuchQtfd* 


Adenine (A) 
Guanine (G) 
Uracil (U) 
Cytoaine (C) 


Adenosine 
Guanosine 
Uricfins 
Cyiidlne 


Adenylate (AMP) 
Guwylra (GMP> 
Uridytoie (UMP) 
^ Cytfdytete (CMP) 


8828 




DooxyiibQwehotido 
(b'-rmnopbospkot*! 


Guanine (G) 
Thymine (T) 
Cytosine (Q 


Dooxyadooosino 
DeoxyfpjanosUw 
Oeojcythymldine 
QGoxyCytfetfn* 


Peoxyadenyfefte (dAMP) 
Deoxyguoivylm (dGMP) 
Peaxytfiymidyteto (dTMP) 
OooxycyridylatB (dCMP) 
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Origins of die atoms in the purine nog. 



f 



Activated 




unit 

Space^Uing model of 5^i|w$pharM>o- 
iyl-l-py*t>pbo«pb** (PRPP), ttu ncn- 
vatea dooo* of die mgar u«i in tiro 
braynthjEsii of tuidtttttdc*- 



THE PURINE RING JS SYNTHESIZED fROM AMINO 
ACIDS, TETRAHYDROFOIATE DERIVATIVES, AND CO* 

The purine ring in purine nucleotides is assembled from a variety of 
precursors (Figwc 22-4> Gfycinc provide* CM, C-5, and N-7. The 
N~l atom comes from aspartate. The other two nitrogen atoms, N-3 
and come from the amide group of the side chain of glutamm* 
Activated derivative** of mrahydrofoiatc furnish C-2 and C-8, whereas 
CO* is the source of C-6, 



PRPP IS THE DONOR OF THE RIBOSE PHOSPHATE 
MOIETY OF NUCLEOTIDES 

The pathway of purine biosynthesis was elucidated in the 1950s by 
John Buchanan, a Robert Greenbcrg, and other* The ribose phos- 
phate portion of purine and pyrimidine nucleotides comes from 
S^^ph^^^iiyTpphosphaU (PRPP), » key intermediate in the 
biosynthesis of bisudine and tryptophan- PRPP is synthesized from 
ATP and ribose 5-phosphate, which is primarily formed by the 
pentose phosphate pathway (p. 333> The pyrophosphate group is 
transferred from ATP to CM of ribose 5-phosphate. PRPP ha* an a 
configuration. 



■4 



AT* AMP 



h6 oh 

KfcOtft 5-phOSphM 



HO OH Cr O' 
&-FtKMp*orito«¥l- 1 -pyrophosphate 
<P*PP> 



THE PURINE RINO IS ATTACHED TO RIBOSE 
PHOSPHATE DURING ITS ASSEMBLY 

The committed step in the de novo synthesis of purine nucleotides 
is the formation of Sfk^horibosyiammc from PRPP and glutamine. 
The amino group from the side chain of ghttajnin* d isplaces the 
pyrophosphate group attached to C- J of PRPP. The configuration 
at G-] U inverted from a to fi in this reaction. The resulting C-N 
glycosidic bond has the £ configuration that is characteristic of 
naturally occurring nucleotides. This reaction is driven forward by 
the hydrolysis of pyrophosphate. 





+ PP. 



6-PtfcospftoribQsyt- 
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hJ. 



NH, NH NH I I 

ftibwe-P Htbo^P Riboa^P ftibo*o-P Kiboso-P 

FtiinpfcortbQtyl- OlydiwiDkU F«fiiiylatyrin^nWe Fopy^****^**™ ^^^^^ 



rftxwuieUolkfe ffeofluefeorrd* r fconucf«odd» ribomicfeaikU 



Tim aage of purine biosyadww tonwtiw of S^inoumdrooto ribonucleo- 
tide from PBP* The aatncs of thcic wtiou* is (I) displacement or PP, by 
ifae ridc-ctoia amino group of gluwvmine, (2) addition of giyew, (3) fonnyla- 
uon by mct^ylte^i^ydrofbtotc, (-1) tnuufer of a nitrogen atom from gUua- 
mine, and (3) dehydration and rin$ clwwc- 



Glycine joins pbosphoriboaylamine to yield gfyemamide ribomtko- 
tidc figure 22-6). An ATP is consumed in the formation of an 
amide bond between the carboayl group of glycine and the amino 
group of phosphoribosyiarain«> The oraniuo terminus of the gly- 
cine residue is then formyiatcd by metheuyite*rahydrofblate to 
give a^Jbmylgfycimmide ribnuckotidt. The keto group in this 
compound is convened into an a midine group. The nitrogen atom 
is donated by the side chain of glutamine in a reaction that con- 
sumes an ATP- Fom&lglymmnidms nfawcbothh tkmrndngoesring do- 
wn to form Snmrnoimidaeob ribawekotide* Hub intermediate contains 
the complete five-mcmbered ring of the purine skeleton. 

The nest phage in the synthesis of the purine skeleton, the forma* 
don of a ftironeinbered ring, starts at this point (Figure 22-7)- Three 



RJfcOM-P 
HtmtnoMdmfo 



dtKHMMfofttld* 




beoo-P 



Second su& of purine htaynibeib: fe fOW fe n of 
moMmfr, bom ^aptnoimfdffWTlr ribonucleotide, 
lite eneaot of tbetc reaww is (G) arboxylattoa, 
(7) addition of agpwtme, (8) climwtioaa of fqma* 
taw (leaving At ammo group of ajp^rt&tc), 

(9) femyfefina by A^-I&m^trti^iydnmilaw, snd 

(10) debydr&dcn «sd dag closure. 



©J 



Ribote-P Ribes*? 



* M 



«MP> 



ifliuiiuuWodtfi 
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of the sue atoms of this ring are already present in aminoimidazole 
ribonucleotide. The other three come from CO ? , annate, and 
formyltetrahydrofolate. The next carbon atom in the six-raem- 
bered ring is introduced by the carboxylation of ammoioiidazok 
ribonucicotide, yielding 5-wiinomidazole-*-carbQvlatc ritomudeotide. 

The amino group of aspartate then reacts with the carboxyl 
group of this intermediate to form S-amimimidaz&t^N-succmocar- 
boxamidc ribonuckotuk* An ATP is consumed in the formation of this 
amide bond. The carbon skeleton of the aspartate moiety comes off 
as fumarate in the next reaction, which yields S^mnimimidasoU^ 
carboxamidt ribonucleotide* Note that the result of these two reactions is 
the conversion of a carboxylate into an amide. Thus, aspartate <aw- 
tributes <wty its nitrogen atom to Iht pwrmc ring- The final atom of the 
purine ring is contributed by A^formylietrahydiofolate. The re- 
sulting 5~forrMmidfiimida*oIe-f~^^ tibomtctotide undergoes 
dehydration and ring closure to form mosinatc (IMP), which con- 
tains a complete purine ring. The purine-base part of ioosinatc is 
called hypaxamJfmt. 



AMP ANO QMP ARE FORMED FROM IMF 

Inosinate is the precursor of AMP and GMP (Figure 22-8). Adcrplau 
is synthesized from inosinate by the insertion of an amino group at 
C-6 in place of the carbonyl oxygen. Aspartate again contributes its 
amino group by addition of this amino acid followed by elimina- 
tion of fumarate, GTP is the donor of a high-energy phosphate 
bond in the synthesis of ade^loswdnate from inosinate and aspar- 
tate. The removal of fumarate from adenylosuccinate and from 
5*aminoimidazolc^^uccmoc»rboxamide ribonucleotide is cata* 
lyzed by the same enzyme. 



-OOC— CH,— C— CO0- 
NH 



m 2 



Figure 22-8 

AMP and QMP act aywhewtcd from IMP- 



Riboso^, 



Hi 




Aibose-P 





H 2 N 




iboso-P 



Guanyfet* 

(QMP) 
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GuonylaU (GMP) is synthesized by the oxidation of inornate, 617 
followed by the insertion of w amino group ar 02. NAD 1- is the Chapter 22 

hydrogen Loepror in the option rtZvn** to santhyiate fcOWHTHESiS OF NUCIEOT.DES 

(XMP). The amino group in the aide chain of glutamine is then 
transferred to xanthylate. Two high-energy phosphate bonds are 
consumed in this reaction, because ATP is cleaved Into AMP and 
PP,, which ie subsequently hydrolyzed. 

In the conversion of inosinate into adenylate and into guaoylate, 
a carbonyl oxygen atom is replaced by an amino group- A similar 
change occurs in the synthesis of frrmylglyrinainide ribonucleotide 
from its amide precursor (step * on p. 515), in the formation of OTP 
from UTP (p. 522), and in the conversion ofcitmllinc into arginine 
in the urea cycle (p. 413). TJu common mtthanUlu ihm* tf rtw<f reac- 
tions is the amvemon of the cariwpt oxygen into a dtrwttiot that cm 
readily displaced an amino group. The tautomeric form of the car- 
bonyl group reacts with ATP i'or OTP) to form a phosphoryl ester, 
which is nucleophilicatly attacked by an amine (Figure 22-9). Inor- 



R & 



Figure 22r& 

(r , Reaction mechanism for the replacement 
■ o£a carbonyl osygen by *o amino group. 

Or- 



ganic phosphate is then tacpeikd from the tetrabedral adduct to 
complete the reaction. The attacking amine can be NH$, the aide- 
chain ami de group of glutanune, or the a«amino group of aspartate. 
The leaving group in this cVm of reactions can be Y u FPj, or the 
AMP moiety. For example, PP t ia diqdaced by the amino group of 
gtutaxnine in the synthesis of ^^osphonbosyi-l-^miine from PRPP 
<p-514> 



PURINE BASES CAN BE RECYCLED BY SALVAGE 
REACTIONS THAT UTILIZE tPRPP 

Free purine bases are formed by the hydrolytic degradation of nu- 
cleic acids and nucleotides. Purine nucleotides can be synthesized 
from these preformed bases by a sokx*$? rcactim which is ampler 
and much less costly than the reactions of the * novo pathway dis- 
cussed above in the salvage reaction, the ribose phosphate moiety 
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of PRPP is transferred to ihe purine io form the corresponding 
nucleotide: 



| Purfn* 




— s s j -o kr « u > 



ho Oh 

Purine rl0ocwjc*wti4« 



There are two salvage enzymes with different specificities. Adcnmt 
phosphoribtsjl transferase catalyzes the formation of adenylate; 

Adenine + PRPP * adenylate + PP, 

whereas hfpoxanthiw-guaniiK phospkonbosyl transferase catalyzes the 
formation of inosinare and guanylate: 



Hypoxanthine + PRPP 
Guanine + PRPP 



inosinate + PPj 
guanylate + PP 4 



The versatile and efficient use of the purine ring is also evident in 
the biosynthesis of histidine. The six-merabered portion of the pu- 
rine ring of ATP contributes part of the im ida z ole ring of histidine 
(p. 499). The rest of the purine skeleton is not discarded Rather, it 
is conserved in ^-araiooimida*oie-4-carboxaroide ribonucleotide, 
an intermediate in' the de novo pathway of purine biosynthesis. 



AMP AND QMP ARE FEEDBACK INHIBITORS OF PURINE 
NUCUEOTtOE BIOSYNTHESIS 

The synthesis of purine nucleotides is controlled by feedback inhi- 
bition at several stas (Figure 22-10). 



t>yAHP 



PRPP 



V J 



IMP 



Control of patine biosynthesis. 



by IMP, AMP, 
and«MF 



[ Adonyfo- 

f X»nthylate - 



AMP 



QMP 



p/GMP 



U Feedback inhibition of S-phxtyhmbosyl-l-pFtykosfhcto sjxtht- 
tost by purine nucleotides regulates the level of PRPP- This synthe- 
tase is inhibited by AMP, GMP, and IMP. 

2* The committed step in purine nucleotide biosynthesis is the 
conversion of PRPP into pbosphoribosyiainine by transfer of die 
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side-chain amino group of gtuutmine. Ghtamine PRPP amidotransfer- 
ase is feedback inhibited by many purine ribonucleotides. It is noteworthy mosyMTHESls OF *n^g™§ 

thai AMP and GMP, the final products of the pathway, are syner- biosymtnESis of nucleotides 

gifiiic in inhibiting this enzyme. 

3. Inosinate is the branching point in the synthesis of AMP and 
GMP. The reactions kadmg awajfiom ittosinaie are sites of feedback inhibi- 
tion. AMP inhibits the convemion of inosinate into adenylosucci- 
nate, its immediate precursor. Similarly, GMP inhibits the conver- 
sion of inosinate into xanthylate, its immediate precursor. 

4. GTP is a substrate in the synthesis of AMP, whereas ATP is a 
substrate in the synthesis of GMP. This reciprocal substrate relation 
tends to balance the synthesis of adenine and guanine ribonucleo- 
tides. 



THE PYRIMIDINE RING |S SYNTHESIZED FROM 
CARBAMOYL PHOSPHATE AND ASPARTATE 

The pyrimidine ring is resembled Sm and the© linked to ribose 
phosphate to form a pyrimidine nucleotide in contrast with the 
reaction sequence in the de novo synthesis of purine nucleotides, 
PRPP is the donor of ribose phosphate in the synthesis of pyrim- 
idine nucleotides, as well as of purine nucleotides. The precursors of 
the pyrimidine ring are carbamoyl phosph ate and aspartate (Figure 
22-11). 

Hie synthesis of pyrimidine*; starts with the formation vS carbarn- 
triphosphate, which is also a» intermediate in die synthesis of urea 
(p, 412), The synthesis of this activated carbamoyl donor is com* 
paroneutslized in eucaryotcs. Carbamoyl phosphate consumed in 
the^ synthesis of pyrimidmes is formed in the cytosol, whereas that 
used in the synthesis of urea is formed in mitochondria (p. 414). 
There are two distinct carbamoyl pho s ph ate synthetases. Another 
noteworthy difference is that ghitaminc rather than NH** is the 
nitrogen donor in the cytosol synthesis of carbamoyl phosphate- 

Ghitamine -h 2 ATP + HQCV * 

carbamoyl phosphate + 2 ADP + Pj + giutaraate 

The committed step in the biosynthesis ofpyrirrtidsnes is thejbmaim 

carbamoylation is catalyzed by aspartate mmsvarbamvylasc, an espe- 
cially interesting regulatory enzyme (see p, 522). 



From 




From 



F?eur9 22-11 

Origins of the auras in the pyrimidine 
ring- C-2 and N-3 come from carbam- 
oyl pbpgpttatc, wberew the other 
atoms of the ring come from aspartate* 
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The pyrimidine ring b formed in the nc*i reaction, in which 
carbamoylaspartate cyclizes with loss of water to yield dihydroorrtau. 
Orotate is then formed by dehydrogenation of dihydroorotare. 



i 

coo- 

H 



H M 

Din 



if + 



<L 1— coo- 

H 

Oroiave 



OROTATE ACQUIRES A RIBOSE PHOSPHATE MOIETY 
FROM PRPP 

The next step in the synthesis of pyrimidine nucleotides is the acqui- 
sition of a ribost phosphate group. Orotaic (a free pyrimidine) react? 
with PRPP to form wotidylatc (a pyrimidine nucleotide). This reac- 
tion, which is catalyzed by orotidylaie pyrophosphorylase, is driven 
forward by the hydrolysis of pyrophosphate. Orotidyiate is then 
decarboxylated to yield m£/tfe(UMP), a m^jw pyrimidine nucle- 
otide. 




PRPP PP, 



o 





OrotMft 



Oiotfcfyltftv 



HO OH 



"OOC-CH*— CH # 

coo- 

Stmctnje of FALA, a potent Inhibitor 
of ATGmc 



A SINGLE POLYPEPTIDE CHAIN CONTAINS THE FIRST 
THREE ENZYMES OF PYRIMIDINE BIOSYNTHESIS 

In&o&thcax enzymes that synthesize UMP from simple precur- 
sor do not appear to be associated. In contrast, in higher orga- 
nisms, several of these enzymes font* a multienzymc complex 
Large amounts of this complex were obtained by treating cultured 
mammalian cell* with W<4j>hotf!ma&tfI^^ (PALA), a po- 
tent inhibitor of Aspartate Ufflnnrarbfunoyfagp (ATQase). PALA 
binds tightly to ATCase (ft — ltir*u) because it has some of the 
structural features of the transition state in wtalysto^ 
The surviving i^oven*metbeinhiUtQryeflcctctf^ 
the»stog 100-fbU more ATC^ than cto 

carbamoyl phosphate synthetase and of dihydroorotase were also 
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elevaied 100-fold, whereas there was Utile change in the amounts of 
the enzymes catalyzing the subsequent steps in pyrimidine biosyn- 
thesis. These observations led to the finding that carbamoyl phesphate 
synthetase, aspartate transfOsbarnqylase, and ditydroorvtase are cwalentfy 
jawed an a single 200-kdal polypeptide chain. Orotate phosphorfbo- 
syltransferase and oroudylatc decarboxylase, the enzymes catalyz- 
ing the last wo steps in pyrimidine biosynthesis, form another com- 
plex. They, too, may be covalently joined. Recall that the fatty acid 
synthetase complex in yeast consists of two kinds of polypeptide 
chains, each containing several enzymes (p. 400). Covalera linkage of 
junctional}} related enzymes may be quit* general in etuasyates. Such an 
arrangement would facilitate the assembly of a multicnsyme com- 
plex. Another likely advantage of having several enzymes on a sin- 
gle polypeptide chain is that they would be synthesized in equi- 
molar amounts. 



NUCLEOSIDE MONO-, DK AND TRIPHOSPHATES 
ARE INTERCONVERTIBLE 

The active forms of nucleotide* in biosyntbeses and energy conver- 
sions are the diphosphates and triphosphates. Nucleoside mono- 
phosphates arc converted by specific nucleoside nwnophasphate kinases 
that utilize ATP as the phosphoryl donor. For example, UMP is 
pbosphoryl&ted by UMP kinase. 

UMP + ATP UDP + ADP 

AMP, ADP, and ATP arc interconvened by adenylate kinase (also 
called myoWnase). The equilibrium constants of these reactions are 
close to L 

AMP -t ATP ADP + ADP 

Nucleoside diphosphates and triphosphates are wcroonverted 
by nucleoside diphosphate tinas<t, an enzyme that has broad specificity, 
in contrast with the monophosphate kinases. In the following equa- 
tion, X and Y can be any of several ribonudeondes or deoxy- 
ribanudeosides* 

* XPP + YTP XTP + YDP 

For example, 

UDP + ATP UTP + ADP 



521 

Chapter 22 
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CTP 18 FORMED BY AMINATION OF UTP 

Cytidine triphosphate (OTP) is derived from uridine triphosphate 
(UTP), the other major pyrimidine ribomideotide. The carbonyl 
oxygmatCMisrcj^a«4by auaminogr^ 
chain of giuiamine is the amino donor, whereas NH^* is used in this 
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C0 2 i- Glmamine + ATP 

i 

T 

Carbamoyl phoipbaw 
Carbamoyl sspmai© 

i 

UMP 

i 

UTF 

i 



Haw* 22-D 

Ooauot of pyrtroidioc bwyntfas&K 




^Aspartate} 

122-14 

AHutafc in amana£e tnmacacr- 

bamoyfcsc ATP fe an activator, 
wtecas CTT is an tabOrim- [After 
J. a Gahsrt, On; 7hp. Ceil R*ft& 
2(I970):275.] 



reaction in £. An ATP ia consumed in both aroinaiion reac- 
tions. 




ATP + H,0 ADP * F r + 2 n* Kf^V-w 



jRiboso triphosphate! 
OTP 



f Bibose iripftcwphoTal 
OTP 



PYRIMIPINE NUCLEOTIDE BIOSYNTHESIS IS PECULATED 
BY FEEDBACK INHIBITION 

The committed step in pyrimidine nucleotide biosynthesis in 
£ eoli is the formation of ^carbamoytaspanate from aspartate and 
carbamoyl phosphate Aspartate tianscafbimcytcs^ the erseyme that cata- 
fyzes this *m*±xBK is fiedhadt inhibited by CTP. thejmal produa m the 
pathway- A second control site is carbamoyl phosphate synthetase, which 
is feedback inhibited by UMP (Figure 22-13). 

The aliosteric properties of ATCasehavc been intensively investi- 
gated by John Getfeart and Howard Schaehman. The binding of 
carbamoyl phosphate and aspartate is cooperative, as reflected in the 
sigmoidal dependence cf die reaction velocity on substrate concen- 
tration (Figure 22-H). CTP mhibits the enzyme by decreasing Us 
affinity fir stAsmtes without affecting its V mW The extent of inhibi- 
tion exerted by CTP, which may reach 90%, depends on the con- 
centrations cf the substrates. In contrast, ATP is on activator of 
47*^, The affinity of thee ia enhanced by 

ATP, whereas K mM is unaffected Furthermore, the b i ndin g of ATP 
and CTP to the regulatory site of ATCasc is competitive. High 
levels of ATP displace CTP from the cnzynie w tb«t it cannot exert 
its inhibitory effect. 

The biological significance of the activation of ATCasc by ATP is 
twofold. First, it tends to equalise the rates of /amotion of purine and 
pyrimdme nucleotides- Comparable q uantiti e s of these two types of 
nucleotides are needed for the synthesis of nucleic adds. Second, 
aetwation by ATP signals Us availability as a substrate for some of the 
reactions of pyrimidiae nucleotide biosynthesis, such as the synthe- 
sis cf carbamoyl phosphate and the phosphorylations of UMF to 
UTP- 



ASPARTATE TRANSCARBAMOYLASE CONSISTS OF 
SEPARABLE CATALYTIC AND REGULATORY SUBUNITS 

The regulatory properties of ATCasc vanish when the enzyme is 
treated with mercurials such as ^hydroxyrnerixuibenzaate. ATP 
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and CTP bo longer have any effect on catalytic activity. Further- 
more, the binding of substrates becomes noncooperativc. However, 
the modified enzyme has full catalytic activity. This loss of regula- 
tory properoes with retention of enzymatic activity is called desensi- 

The deserialization of ATCase by mercurials is accompanied by 
its dissociation into two kinds of submits, as shown by ultracentrifuge 
studies (Figure 22-15). The sedimentation coefficient of the native 
enzyme is U.6S, whereas tkat of the dissociated lubunixs is 2.8S 
and 5.83. These subunits can be readily separated by ion-exchange 
chromatography because they differ markedly in charge or by cen- 
trifugation in a sucrose density gradient because they differ in size. 
/KHydroxymenwibenzoatc, the dissociating agent, can be removed 
after the subunits are separated. The larger of the subunits, called 
the catalytic submit, is caralyticaily active. However, the activity of 
the isolated catalytic subunit is not affected by ATP and CTP. The 
smaller of the subunits, called the regulatory submit* is devoid of 
catalytic activity but contains specific binding sites for CTP and 
ATP. The catalytic subunit consists of three 3**fcdal polypeptide 
chains, whereas the tegulatccy sobunit is made up of two 17-kdal 
polypeptide chains. 

The catalytic and regulatory subunits combine rapidly when 
they are mixed- The resulting complex has the same structure, 
R^Cs, as that of the native enzyme* 

SR* + 2C S * R<A, 

Furthermore, the reeonstit uud tnrym* has xh$ same aUasteric properties as 
those vf the note* enzyme. 

X-ray crystallographic studies of ATGase are in progress in Wil- 
liam Lipscomb's laboratory. An electron-density map at S.O-A reso- 
lution shows that the two catalytic trimers (C^) are above and 
below an equatorial belt of three regulatory dimers (Rg) (Figure 
22-16). A distinctive feature: of the molecule is that it contains a 
large central cavity, which it accessib le through several channels. It 
is interesting to note that die allosteric sites for CTP are far from 
the catalytic sites. 



623 
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Rftnr* 22-17 

Electron micrograph of fBfMtrtatP tratfcjpfcaroOylsze. 
{Courtesy of Or. Rcbley C. WiUfems.] 





Sediincfttatioa vdodry patterns of 
(A) native AXCwe sod (B) the ensyme 
uttofegula- 
wy and catalytic subunit [After 
J. C. Gerfcart and H» K- flchflchnum 
Biochtmi^ 4(1965):1094-1 
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Shoym to red) tnrnrnfffl of est 



tnnracirh inw jdagc Miter a < w 
kindly provided by for. Wifllam lipt- 
comix] 




10-16-06 09:41pm F rora-L AH I VE+COCKF 1 ELD 617 7424214 



T-631 P. 84/99 F-132 



524 
Pan III 

BIOSYNTHESIS 



DEOXYRIBONUCLEOTIDES ARE SYNTHESIZED BY 
SEDUCTION OF RiSONUCUEOSlDE DIPHOSPHATES 

We turn now io the synthesis of deojyribonucleoudes. These pre- 
cursors of DNA are formed by the reduction of ribonucleotides. The 
2 / -hydro*yt group on the ribose moiety is replaced by a hydrogen 
atom, In /?. co/i and in mammals, the substrates in thfc reaction are 
ribonucleoside diphosphates. The overall stoichiometry is 

Ribonucleoside diphosphate + NAPPH + - — > 

deoxyribonuclcoside diphosphate + NADP* + H 2 0 

The actual reaction mechanism is more complex than implied by 
this equation* Peter Reichard has shown that in E. coli the electrons 
from NADPH arc transferred to the substrate through a series of 
sulfhydryl groups. Ribomclwtidc Tvhxtou (also called ribonucleoside 
diphosphate reductase) catalyzes ihc final stage, which has the stoi- 
chiometry 



Ribonudeoside diphosphate i- 



SH 



deoxyribonucleoside diphosphate + K^T + H3O 



This enzyme consists of two subunits, Bl(al 60-kdal dimer) and B2 
(a 78-kdal dimer). The Bl subunit contains the binding sites for 
ribonucleotide substrates and for allosteric effectors. In addition, B 1 
contains sulihydryls that serve as the immediate electron donors in 
the reduction of die ribose unit. B2, an iron-wlfur protein, partici* 
pates in catalysis by forming an unusual free radical on the aro- 
matic ring of a tyrosine residue. The Bl and B2 subunits together 
form the active sites of the enzyme (Figure 22-18). 



Control 
sites 



Substrate 
.specificity 
site 



Figure 22-18 

Modd of ribopuclanide reductase 
from & toti. (After i- Tbelmider sod 
P. Rctahard. Jh* Pivctom. 
43(1979): |3& ©1379 by Annual Re- 
views Inc.] 




Bl subunlt 



82 sutunn 
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How are elections Transferred from NADPH to the suifhydryl 
groups at the catalytic site of ribonucleotide reductase? One carrier 
of reducing power is thioredoxin, a 12-kdat protein with two cysteine 
residues in dose proximity (Figure 22-j9> These sulfhydryb are 
oxidized to a disulfide in the reaction catalyzed by ribonucleotide 
reductase. In turn, reduced thioredoxin is regenerated by the reac- 
tion of NADPH with oxidized thioredoxin. This reaction is cata- 
lyzed by thioredoxin reductase, a flavoprotchu 
S 



MS 



Thioredoxin;^ + NADPH 



ihioredoxinf + NADP+ 
SH 

It was Thought for some time that thioredoxin is the only earner of 
reducing power to ribonucleotide reductase. However, a mutant of 
E. coli totally devoid of thioredoxin was found to form deoxy- 
ribonucleotides. This surprising observation led to the isolation of a 
second carrier system. The electron donor in this mutant proved to 
be gtutathiQR*, a cyste ine c ontaining tripeptSde* As discussed previ- 
ously (p. 345), gtoathian* reductase catalyzes the reduction of oxi- 
dized glutathione (the disulfide form) by NADPH, In addition, 
glutmvdaxvh a new protein, it needed to transfer the reducing power 
of glutathione to ribonucleotide reductase (Figure 22-20). The tela- 

ftibonucteesifdo ~ 
tfphosphate 




S-S bridge 



Figure 22-19 

Schematic 4iagnua of the main-cbsi* 
conformation, of oxidized ctdoredmn 
from E. «c& The reactive dis ulfide u 
•frown w ycUow. * droriog 

kindly pmvided by Dr. CorMvsr 




(r 



[ « 



OxkHzsd 
ihiored<»<tn 



NAOPH + 



tive coutributions of the thioredoxin and gtutareduxin systems in 
ribonucleotide reduction by normal cells are not yet known. 

Ths reduction tfrikmctc^ 
writ wtewtums. The Bl subunit of ribonucleotide reductase con- 
tains two types of allostcric sites: one of them controls the txxraU 
ae*^ of the enzyme, where^tte 

Thr overall catalytic activity of ribonucleotide reductase is dimin- 
ished by (he binding of dATP, which signals an abundance of 
deoxyra^onudeotsdes, Hsis f eed b ac k inhibition is reversed by the 
binding of AJP, The binding of dATP or ATP to die substrate- 



arc re- 



Ftytr* 32-20 
mbcnwicorfdo dip 
(faced ff> 1 
<8phwiphgtt» by rtb on w r J eo t id fi reduc* 
use Etecurai aw quotfened ftwn 
N Annt ibroogh a wcte of sul&ydcyb- 
The tbiocedoda sy«B» («bowa la yel- 
low) sad ihe ghuaiedosia system 
(ifcowa in green) can serve w protect 
of rtdoctag power. 
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specificity control sites enhances the reduction of UDP and CDP, 
the pyrimidine nucleotide*. The reduction of GDP is promoted by 
the binding of dTTP, which also inhibits the further reduction of 
pyrimidine ribonucleotides. The subsequent increase in the level of 
dGTP leads to a stimulation of ADP reduction. It is evident that 
ribonucleotide reductase has a variety of conformational states, 
each with different catalytic properties. This complex pattern of 
regulation provides the appropriate supply of the four dcoxyribo* 
nucleotides needed for the synthesis of DNA, 



hn^Sh 



OEOXYTH YM ID YLATE IS FORMEP BY METHYIATION 
OP D EOXYUR I DYLATE 

Uracil is not a component of DNA- Rather, DNA contains limine, 
the methylated analog of uracil- This finishing much occurs at the 
level of the deoxyribonucleoside monophosphate: deoxyuridylaie 
(dUMP) is methylated to deoxythyraidylate (dTMP) by tfymtylot* 
sjniketax* The methyl donor in this reaction is » tetrahydrofolate 
derivative rather than J?<wiefMisyimethic«iinr- Specifically, the 
methyl carbon comes from /^^^^nethyleneterjahydittfblate. 
Note that the methyl group inserted into deoxyuridylate is more 
reduced than the methylene group in this tetrahydrofolate deriva- 
tive- What is the source of elections for this reduction? The two 
electrons come from the tetrahydrofohite moiety itself in the form of 
a hydride ion (H~)*,which is removed from the ring* This hydrogen 
becomes pan of the methyl group of dTMP, In this reaction, tctra- 
hydrofolare is oxidized to dihydrofolate. Thus A^A^-metbyl- 
enetetrahydnrfolate serves both as anrf^^^^a»aflsww*w 
donor in the methyiation traction (figure 22-21> 



a^ithcdsof^mr 

from cfUMP- 
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Recall that one-carbon transfers occur at the level of tenahydro- 
folate rather than dibydrofojate. Hence, tetrahydrofolate must be 
regenerated. ThU is accomplished by dihydrofolatc reductase* utilizing 
NADPH as the leductant. 

Dihydrofolate + NADPH + > tetrahydrofolate + NADP* 



52* 
Cliaptar 22 

BIOSYNTHESIS OF NUCLEOTIDES 



SEVERAL ANTICANCER DRUGS BLOCK THE SYNTHESIS 
OF DEOXYTHYMIPVIATE 

Rapidly dividing cells require an abundant supply of deoxythy- 
midylate for the synthesis of DNA, The vulnerability of these ceils 
to the inhibition of dTMP aynthesi* has been exploited in cancer 
chemotherapy (Figure 22-22). Thymidylate synthetase and dihy- 



Huorouracil 



(Suicide iniiibrpOf) 



* oTMP 



tetrshydfofolate 



Gtyotn*. 




Figure 

Tbymidytetc syoibctwc and dfeyfeofoUtB icductiueare auger 
coaymc* in caoocr chcn»ot)urapy. Fluorodcoxywidylats inhibits 
the merhytadofi of dUMP. Tfee folate analogs aroinopteria ap4 
amabopferip (methotrexate) block the rcgcncrsw4an of tetrahy- 
<WbUt& 



Dftiydrofotaw 




TotmhycJrofoteTO 




Dihydrofotei© reductase 



InniMtedby 
amlnopterin 
end 



(roothPtraxata) 



drofolate reductase at* cbw^ 

dcoxyuridine), & clinically useful a ntic a nc er drug, is converted in 
vivo into jfotmM^Mxyiir^/a^ (F-dUMP). 7Mr maty of WMPmrnm- 
bfr irtlubas tf&mi&te 

partoftkc catotyikcptU Fii^asulfbydryl grouptrftheemynica^ 
to G-6 of the bound F-dUMP. Meth)4eneieaahydrofolate then 
adds to G*5 of this intermediate. In the case of dUMP, a hydride 
ion is subsequently shifted vo the methylene group ctfihe folate* and 
a proton is taken away from 05 of the bound nucleotide- However, 
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for F-dUMP 7 F* cannot be abstracted by the enzyme and so cataly- 
sis is blocked at the stage of the covalem complex formed by F- 
dUMP, raethylenetetrahydrofolate, and the sulftiydryl group of the 
enzyme (Figure 22-23), 



J 




1 



I 

n 

TtiymidyUtc synthetase a inwenibjy inhibited by &uaaxiea*yuriclylaie (F-4UMP). 
Tfcia analog form* & covakm complex witb both * mUhyciryi ttsntvt of the enzyme 
(shown m b!«e) and raethyfcrttKimhydrofolate (shown to yellow). 

The synthesis of dTMP can also be blocked by inhibiting the 
regeneration of tetrahydrofolate (Figure 22-22). Analogs of dihydro- 
folate, such as amixoptma and amdhopmin (mttkoTfcxau) are potem 
competitive inhibitors (K x <10-*M) of dihydrofolate reductase 
(Figure 22-24). Axnethopterin is a valuable drug in the treatment of 
acute leukemia and choriocarcinoina. 
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ami umrthoptBtfn (R = CH*) 



Ttoodiuieanomd wwmw of & o& 
dibydrafalat^ rcduct&se with a bound 
anYetbopterin (methotroate). {Oogrwy 
of Dr. Jautph Kraut*] 
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ATP IS A PRECURSOR OF NAD+, FAO, AND COENZYME A 829 

Chapter 22 

The biosynthesis of nicotinamide adenine dinucltotuU (NAD*) starts with WOSYNTMCSiS OF NUCLEOTIDES 

the formation of nicolinaU rtfkmwUotuIc from nicotinate and PRPP. 

Nkotinau (also called niacin) is derived from tryptophan. Humans 

can synthesize the required amount of nicotinate if the supply of 

tryptophan m the diet is adequate. However, an exogenous supply 

of nicotinate is required if the dietary intake of tryptophan is low. 

Pellagra 18 a deficiency disease caused by a dietary insufficiency of 

tryptophan and nicotinate- 

H A\j '|/h 

MO OH 

NlcoclnsT^ NiGo4instv tlboouiJfatMt 

An AMP moiety is Transferred from ATP to nicotinate ribonucleo- 
tide to form daamido-NAJJ*. The final step is the transfer of the 
amide group of glutaraine to the nicotinate carboxyl group to form 
NAP* (Figure 22-25), NADP* is derived from NAD+ by phospho- 




Or 



-NH a 



fT Adenine ift Adenine 

AiOoSD— (£> RiposeHgH5>— Biboae RibosaHEMg>-«ibose 

NtottfUte Pww m Wq N AR» NAD* 

rfbooudwrt* 

Synthesis of NAD^ from wcotioajc ribonucleotide. 



rytation of the 2'-hydra*yi group of the adenine ribose moiety. This 
transfer of a phosphoryi group is catalyzed by NAD+ kinase. 

Fic^ adenine <Smd<t^ is synthesized from riboflavin and 
two molecules of ATP, Riboflavin is pbospboryteted by ATP to give 
riboflavin S'-phospkate (also called Jfcpm *wmuclcPtidc). FAD is then 
formed by the transfer of an AMP moiety from a second molecule 
of ATP to riboflavin S'-phosphate. 

Riboflavin + ATP * riboflavin 5'-phosphate + ADP 

Riboflavin S'-pbosphate + ATP s==^ 

flavin adenine dinucleoride + PP t 
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830 The synthesis ofcoenxyrru A (CoA) In animals starts with the pbos- 

pan n| phorylatian of pantothenate (Figure 22-26), Pantothenate is required 

BiOSYNTHESES in the diet of animals, whereas it is synthesized by plants and mic- 

roorganisms, A peptide bond is formed between the carboxyl group 
of 4'-phosphopantothenaie and the amino group of cysteine- The 
carboxyl group of the cysteine moiety is lost, which result? in 
phosphvpantotheinc- The AMP moiety of ATP is then transferred to 
this intermediate to form dtphospho&aizyme A* finally, phosphoryla- 
tion of its 3'-bydroxyl group yields coenzyme A- 



FT I 

-ATP 



«pp 



nevrt 32-26 Cm + atp 

Synthesis of cocwywc A 
from pantotbemce. 
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Chapter 22 

BIOSYNTHESIS OF NUCLEOTIDES 



PURINES ARE DEGRADED TO URATE IN HUMANS 

The nucleotides of a cell undergo continuous turnover. Nucleotides 
are hydrolyticatiy degraded to nucleosides by nucleotidases. Pho* 
phorotyoc cleavage of nucleosides to free bases and noose l-phos- 
pbate (or deoxyribose l-pha?phate) is catalyzed by nacUosids phos- 

■ phorylases. Ribose 1 -phosphate is isomorized by phosphoribomutase to 

ribose 5-phasphate, a substrate in the synthesis of PRPR Some of 

' the bases are reused to form nucleotides by salvage pathways. 

Hie pathway for the dejpradawon of AMP (Figure 22-27) in- 
cludes m additional step- AMP is deaminated to IMP by adenylate 



A common feature of the biosymbeses of NAD T , FAD, and CoA 
is the transfer of the AMP moiety of ATP to the phosphate group of a 
phaspkotylaUd imamdtiUc. The pyrophosphate formed in this rcac- 
tion is hydrolyzed to orthophosphate- This is a recurring motif in 
biochemistry; biosynthciic reactions are frequently driven by the hydrolysis of 
the released pyrophosphate- 



NH, 




AMP 





IMP 



H 



S 



H H H H 

UflO Mid XWIttllfW 

(Koit> fdnri) 

Degradation of AMP to uxic aod- 



deaminase. The subsequent reactions leading to the free base hypo- 
xanthine ibllow the genera! pattern. Xanthine oxidase, a xnclybde- 
num and iron-containing t&avoprotcin, oxidizes hypoxanthine to 
xanthine and then to mate. Molecular oxygen, the oxidant in both 
reactions, is reduced to H^Q* which ia otawnposed to Hjp and O g 
by catakse. Xanthine is also an intermediate in the formation of 
urate from guanine, *w^^ 
datum and is excreted in the urine. 
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Cbrjttation y c a cpon catalysed by 
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URATE 16 FURTHER DEGRADED IN SOME ORGANISMS 

The breakdown of purines proceeds further in some species (Figure 
22-29). Mammals other than primates excrete ottantoin* which ia 



H H 
AJtimoin 



tip 



Figure 22-39 

Pcgrctfauon or uniie 10 NH^ *tw* 
QO r These racfiow an: catalysed by 
(1) urkase, (2) aQancoin«»e, (3) al- 
lamoictsto, and (4) wwwc 



COO" 0 

& rl " 
AJUnio«i» 

& H V 

4 NrV + 2 CO, 



formed by oxidation of urate, Tdeost fish excrete allartiwU, which U 
formed by hydration of allantoic The degradation proceeds a step 
further in amphibians and most fok Allantoatc is hydrolyzed to 
two molecules of urea and one <£ gtyaxyloU* Finally, some marine 
invertebrates hydrolyse urea to NHf and C0 T It seems likely that 
the enzymes catalyzing these reactions were progressively lost i n the 
evolution of primates. 



BIRDS AND TERRESTRIAL. REPTILES EXCRETE URATE 
INSTEAD OF UREA TO CONSERVE WATER 

In terrestrial reptiles and birds, urea is not the final product of 
amino nitrogen metabolism. These animals synthesize purines fr«m 
their excess amino nitrogen and then degrade these purines to 
urat*7J&ciw*ttrf^^ 

jmaiav thtammH^fwaUr. Urate is the vcbMefr the eeattion 
ammo wtrogm becam* of it* wry tea sohibi&r at aeidpH* The pK m of the 
most acidic group in uric add is 5.4. 



UriotcM 
(Kara tasty 



(£no< form) 
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The acidic urine of birds and terrestrial reptiles consists of a pane of 
crystals of uric acid Little water accompanies the excretion of these 
crystals. In contrast, the excretion of a comparable amount of 
highly soluble urea would be accompanied by a large efflux of 
water. 



DEGRADATION OF PYRlMlOINES 

The degradation of thymine (Figure 22-30) is illustrative of the 
breakdown of pyrimidines. Thymine is degraded to /f-aminoiso- 
butyrate, which is metabolized as though it were an o^amino acid- 
The amino group h removed by transamination to yield raethyl- 
majonate semialdehyde, which is converted into methylmalonyi 
CoA. The conversion of methylmalonyi CoA into succinyl GoA, the 
point of entry into the citric acid cycle, has already been discussed 
{p. 419)- 



EXCE&S1VE PRODUCTION OF URATE 18 A CAUSE OF GOUT 

Gout is a disease chat affects the joints and leads to arthritis. The 
rajyor biochemical feature of gout is an elevated of wrau in tht 
smtm- Inflammation of the Joints is triggered by the prmpitotkn of 
sodium urate qjstals. Kidney disease may also occur because of the 
deposition of urate crystals in that organ. Gout primarily affects 
adult males. A vivid description of an acute attack of gtrat was 
given by Thomas Sydenham, an outstanding seventeenth-century 
English physician, who himself was afflicted with this disease: 

The victim goes to bed and sleeps in good health- Abourtwo o'clock 
in ttte oonung be is awakened by a fit^^ more 
rarely in die bed, ankle or instep. This pain » Eke that of » disloca- 
tion, and yet the parts fed as if cold water were poured over them. 
Tfcen follow chills and shivers, and a little fever, lie pain, which was 
at first moderate, becomes more intense. With its intensity the chills 
and shivers increase. Alter a time this comes to hs height, acoonuno- 
dating itself to the bones and ligaments of die taisus and metatarsus. 
Now it n a violent stretching and raring of the tigamcro»--fiow it is 
a gnawing pain and now a pressure and tightening. So cxqujsx tc and* 
livdy meanwhile is the feeling of the part tweeted, tbat it cannot bear 
die weight of the bedclothes nor the jar of a person walking in the 
room. The night is passed in Torture, sleeplessness,, turning of the part 
affected, and perpetual change of posture; the tossing about of the 
body being as incessant as the pain of the tortured joint, and being 
worse as the fit comes on- 

The biochemical lesion tt> most cases of gout has not been eluci- 
dated It seems likely thai gout is an expression of a variety of 
inborn errors of metabolism in which euteam production of unfit is a 
common finding. Some patients with this abnormality have a par* 
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ANopurinol 




rial deficiency of kypcxanthine-guattvxe phasphtnibosyltranjferascy the 
enzyme thai catalyzes the salvage synthesis of IMP arid GMP. 



Hypoxamhine + PRPP 

(or guanine) 



J I 



IMP + PP, 

(or GMP) 



Deficiency of this enzyme lead* to reduced synthesis of GMP and 
IMP by the salvage pathway and an increase in the level of PRPP. 
There is a marked acceleration of purine biosynthesis bythedt now pathway. 
A few patients with gout have an abnormatty high Iml of phospho- 
ribosylpyrophosphau synthetase. The alios teric control of this enzyme is 
impaired in these patients. This results in excessive production of 
PRPPj which in turn accelerates the rate of de novo synthesis of 
purines. 

Ailopurinol an analog of hypoxambJne in which the positions of 
N7 and C8 are interchanged, is used to treat gout. The mechanism 
of action of allopurinol is very interesting: it aces first as a substrate 
and thm as an inhibitor of xanthine oxidase. This enzyme bydroxyl- 
ates allopurinol to olloxantkinc, which then remains tightly bound to 
the active site. The molybdenum atom of xanthine oxidase is kept 
in the +4 oxidation state by the binding of alloxanthine instead of 
returning to the +6 oxidation state as it does in a normal catalytic 
cycle. This mode of action of allopurinol is an example of suicide 
inhibition* in which an enzyme converts a compound into a potent 
inhibitor that immediately inactivates the enzyme. 




HO 



H 

Altopurtool 




AfloxwTthlnv 



The synthesis of urate from hypoxanthine and xanthine decreases 
soon after the administration of allopurinol. 



Guanine 



ttypaxarnWne 




Xanthine 



Urate 



The serum concentrations of hypqxantbiue and xanthine increase 
after administration of allopurinol, whereas that of urate drops. 
The formation of uric add stones is virtually abolished by allopuri- 
nol) and there is some improvement in the arthritis. Also, there is a 
farm* in the total rate, of purine biosynthesis. TUs inhibitory action of 
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allopurinol depends on its reaction with PRPP to form ibe ribemu- &3$ 
cleotide. Consequently, the level of PRPP, the limiting substrate in Chapter 22 

the de novo synthesis of purines, is lowered. Furthermore, allopuri- BIOSYNTHESIS OF NUCLEOTIDES 

nol ribonucleotide inhibits the conversion of PRPP into phospho- 
ribosylamine by amidophosphoribosyl transferase. 

USCH-IVYHAN SYNDROME: SEIF-M UHlATIONe MENTAL 
RETARDATION, AND EXCESSIVE PRODUCTION OF URATE 

A nearly total absence qf hypoxmlhint-guowne phosphoribosyltransfemse has 
devastating consequences. The most striking expression of this inborn 
error of metabolism, called the Lssch-Nyhm syndrome, is compulsive 
setf-destructivc behavior- At age wo or three, children with this disease 
. begin to bite their fingers and lips. The tendency to self-mutilate is 
" so extreme that it is necessary to protect these patients by such 
measures as wrapping their hands in gauze. Those afflicted also 
tend to be aggressive toward others. Mental deficiency and spasticity are 
other characteristics of the Lcsch-Nyhan syndrome Elevated levels 
"of urate in the serum lead to the formation of scones early in life, 
followed by the symptoms of gout years later. The disease is inher- 
ited as a sex-linked recessive. 

The biochemical consequences of the virtual absence of hypo- 
xaatbine-guaniue phosphoriho^yltrausferase are an ooerproduction 
urate and an devoted concentration of PRPP. Also, there is a m a t ted 
increase in the rate of purine biosynthesis by the de novo pathway. 
The relationships between the absence of the transferase and the 
bizarre neurologic signs are an enigma. The brain may be very 
depend ent on the salvage ptfbway for the synthesis of IMP and 
GMP. The normal level of bypoxanthine-guanine pbospboribosyi- 
transferase is higher in the brain than in any other tissue. In con- 
trast, the activity of the amidotronsferase that catalyzes the com- 
mitted step in die de novo pathway is rather low in. the brain. 
Allopurinol is elective in diminishing urate synthesis in the Lesch- 
Nyhan syndrome. However, it has no effect on the rate of de novo 
synthesis of purines and it foils to alleviate the neurologic expres- 
sions of the dis ea se Patients with the Lesd^Nyban syndrome do 
not convert allopurinol into the ribonucleotide because they lack 
hypoyanthinfr-guaninc phosphoribosyftransfcrase. Hen c e , the ad- * 
ministration of allopurinol docs not lower the level of PRPP in 
these individuals and so de novo purine synthesis is not diminished 

The Lesch-Nyhan syndrome demonstrates that the salvage path- 
way for the synthesis of IMP and GMP is not gratuitous. The sal- 
vage pathway evidently serves a critical role that is not yet fully 
understood Furthermore, the interplay between the de novo and 
salvage pathways of purine synthesis remains to be elucidated 
Moreover, the I<scb*Nybab syndrome reveals that abnormal be- 
havior such as pdrHnutilatjffn and extreme hostility can be rwuft fd 
by the absence of a single ensyme. Tins finding has important im- 
plications for the future development of psychiatry. 
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SUMMARY 

The purine ring is assembled from a variety of precursors: giuia* 
mine, glycine, aspartate, mcthcnyitetrahydiofalate, tf^-fbnayU 
tetrahydrofolatc, and CQ 2 . The committed step in the de novo 
synthesis of purine nucleotides is the formation of 5-phosphoribo- 
sylamine from PRPP and glutamine. The purine ring is attached to 
ribose phosphate during its assembly. The addition of glycine, fol- 
lowed by formylation, amination, and ring closure, yields 5-amino- 
iinidazole ribonucleotide. This Intermediate contains the com- 
pleted five-membered ring of the purine skeleton- The addition of 
GQ& the nitrogen atom of aspartate and a formyl group, followed 
by ring closure, yields inoainate (IMP), a purine ribonucleotide. 
AMP and GMP arc formed from IMP. Purine ribonucleotides can 
also be synthesized by a salvage pathway in which a preformed base 
reacts directly with PRPP. Feedback inhibition of 5-phosphoribo~ 
syM -pyrophosphate synthetase and of giutaroine-PRPP ami do- 
transferase by purine nucleotides is important in regulating their 
biosynthesis. 

The pyrrolidine ring Is assembled first and then linked to ribose 
phosphate to form a pyrimidine nucleotide, in contrast with the 
sequence in the de novo synthesis of purine nucleotides. PRPP is 
again the donor of the ribose phosphate moiety. The synthesis of 
the pyrimidine ring starts with d>e formation of carbamoylaspartate 
frpm carbamoyl phosphate and aspartate, a reaction catalysed by 
aspartate transcarbamoylase. Dehydration, cyelization, and oxida- 
tion yidd orotate, which reacts with PRPP to give orotidylaie. De- 
carboxylation of this pyrimidine nucleotide yields UMP. CTP is 
then formed by aminarion of UTP Pyrimidine biosynthesis in 
& coH is regulated by feedback inhibition of aspartate traus- 
carbamoylasc, the enzyme that catalyzes the committed step. OTP 
inhibits and ATP stimulates this enzyme. Aspartate transcarba- 
moylase consists of separable regulatory and catalytic subunits. In 
TrTflmrnaffafl cells, a single polypeptide chain contains the first three 
enzymes of pyrimidine biosynthesis. 

Dt^xyribcmucleotidc^ the precursors of DNA, are formed by the 
reduction of ribonncleostdc diphosphates. These conversions arc 
catalyzed by ribonucleotide reductase. Electrons arc transferred 
from NADPH to the sulfhydryi groups at the catalytic sites of this 
enzyme by thtoredoodn or glutaredoitih. dTMP is formed by the 
methylatton of dUMP. Hie one-carbon and electron donor in this 
reaction is ^^ 1 *-methyie»c*etrahy which is converted 

into dihydrofolatc. In turn, tetrahydrofolate m regenerated by the 
reduction of dihydrofolate* Dihydrofolate reductase, which cata- 
lyzes this reaction, is inhibited by folate analogs such as aminop- 
tcrin and amethoptcrin (methotrexate). These compounds are used 
as antitumor drugs. 
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APPENDIX B 



C. glutamicum 
strain 


Lysine Formation 

<e/n 






Control 


12.50 


Experimental (strong promoter 
introduced) 


13.88 
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(ISR£C-Server| Date: MonMar 20 20:35:38 Europe/Zurich 2006 



resetting matrix to DNA Vwwwtmp/lalignA4549.i.seq : 6995 nt 

ALIGN calculates a global alignment of two sequences 

version 2 . OuPleas* cite: Myers and Miller, CABIOS (1989) 4:11-17 
USPN 6,797,S09 SEQ ID NO ; 1 6995 at vs. 

USSN 09/602740 SEQ ID NO:l 828 nt 

scoring matrix; DNA, gap penalties ; -14/ -4 
IX. 8% identity; Global alignment score: -20546 

10 20 30 40 50 60 

. /wwwt: CACATTTGAACCACACn^GGTTATAAAATGGG 

USSN 



70 80 90 100 110 120 

, /wwwt ACGGGTCAGATTAAGCAAAGACTACTTTCGGGGTAGATCACCTTTGCCAAATTTGAA.CCA 

USSN 



130 140 150 160 170 180 

, /wwwt ATTAAOCTAAGTCGTAGATCTGATCATCGGAT 

USSN 



190 200 210 220 230 240 

. / wwwt CCGGTTTAACCCAGGAAGGATTCACCACCTTGACGCTGT 

USSN 



250 260 270 280 290 300 

. /wwwt CTGTACGCAATTACCCCrrCTGATTGGTCC^ 

USSN — ~ 



310 320 330 340 350 360 

. / wwwt GTGTCCTCXSCTGCAGACGCTGTAGAAAACTGTGGCTCCaGCCACCCAGGCACC^AAT^ 

USSN - 



370 380 390 400 410 420 

, / wwwt GCCTGGCTCCCCTTGCATACACCTO 

USSN 



430 440 450 460 470 480 

. / wwwt CCAACTGGGCAGGCCGTGACC-SCTTCGTTCTTTCTTGTGGCCACTCCTCTTTGACCCAGT 
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USSN 

490 500 510 520 530 540 

. /wwwt ACATCC^CTTTACTTGGGTGOATTCGGCCTTGAGATGGATGACCTGAAGGCTCTGCGCA 

USSN 

550 560 570 580 590 $00 

. /wwwt CCTGGGATTCCTTGACCCCAGGACACCCTGAGTACCGCCACACCAAGGGCX3TTGAGATCA 

USSN 

610 620 630 640 650 660 

- / wwwt CCACTGGCCCTCTTGGCCAGGGTCTTGCATCTGCAGTTGGTATGGCCATGGCTGCTCGTC 

USSN - - 

670 680 6S0 700 710 720 

. / wwwt GTGAGCGTGGCCTATTCGACC3AACCGCTOCTGAGGGCGAATCCCCATTCGACCACCACA 

USSN " ~ 

730 740 750 760 770 780 

. / wwwt TCTAroTCATTGCTTCTGATGGTGACCTCC^ 

USSN — 

790 $00 810 820 830 840 

. / wwwt TCGCTGGCACCCAGCAGCTGG3CAACCTCATCGTGTTCTGGGATGACAACCGCATCTCCA 

USSN — 

850 860 870 880 890 900 

, /wwwt TOGAAGACAACACTGAGATCGCTIT^ 

USSN ~ 

910 920 930 940 950 960 

./wwwt GCTGGC AGACCATTGAGGTTGAGGCTIX^CGAGGACG 

USSN 

970 980 990 1000 1010 1020 

,/WWWC CTG&GGCTAAGAAGGACACCAAGOGACCTACCTT^ 

USSN 

1030 1040 1050 1060 1070 1080 

. /wwwt t^ccagctccaactatgatgaacaccggtgctgtgca 
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USSN - 

1090 1100 1110 1120 1130 1140 

. /WWC AGGTTGCAGCAACCAAGACTGAGCTTGGATTCGATCCTGAGGCTCACTTCGCGATCGACG 

USSN 

1150 1160 1170 1180 1190 1200 

. /wwwt ATGAGGTTATCGCTCACACCCGCTCCCTCGCAGAGCGCGCTGCACAGAAGAAGGCTGCAT 

USSN ' " 

1210 1220 1230 1240 1250 1260 

. /wvwt GGCAGGTCAAGTTCGATGAGTGGGCAGCTGCCAACCCTGAGAACAAGGCTCTGTTCGATC 

USSN - - 

1270 1280 1290 1300 1310 1320 

. /wwwt GCCTGAACTCCCGTGAGCTTCCAGCGGGCTACGCTGACGAGCTCCCAACATGGGATGCAG 

USSN — - 

1330 1340 1350 1360 1370 1380 

./wwwt atgagaagggcgtc^caactcgtaaggcttccgaggctgcactt 

USSN ' 

1390 1400 1410 1420 1430 1440 

. /WWVt CCCTTCCTGAGCTGTGGGGCGGTTCCGCTGACCTCGCAGGTTCCAACAACACCGTGATC^ 

USSN 

1450 1460 1470 1480 1490 1500 

. / wwwt AGGGCTCCCCTTCCTTCGGCCCTGAGTCCATCT^ 

USSN 

1510 1520 1530 1540 1S50 1560 

./wwwt ACGGCCGTAACCTGCACTTCG GTATCCGTGAGCACGCTATGGG ATCCATCCTCAACGGCA 

USSN 

1570 1580 1590 1600 1610 1620 

. /wwwt TTTCCCTCCAC^TGGCACCC^CCAT 

USSN - 

1630 1640 1650 1660 1670 1680 

. / wwwt TGCGTCCTGCAGTTCGTCTTGCAGCTCTCATGGAGACCGACGC 
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USSN 

1690 1700 1710 1720 1730 1740 

. /wwwt ACGACTCCATCGQTCTGGGCQAAGATGGCCCAACCCACCAGCCTGTTQAAACCTTGGCTG 

USSN - - 

1750 1760 1770 1780 1790 1800 

. /wwwt CACTGCGCGCCATCCCAGGTCTGTCCGTCCTGCGTCCTGCAGATGCGAACGAGACCGCCC 

USSN -- 

1810 1820 1830 1840 IfiSO 1860 

. / wwwt AGGCTTGGGCTGCAGCACTTGAGTACAAGGAAGGCCCTAAGGGTCTTGCACTGACCCGCC 

USSN — 

1870 1880 1890 1900 1910 1920 

. / wwwt AGAACGTTCCTGTTCTGGAAGGCACCAAGGAGAAGGCTGCTGAAGCCGTTCGCCGCGGTG 

USSN 

1930 1940 1950 1960 1070 1980 

- / wwwt gctacgtcctggttgagggttccaaggaaaccccagatgtgatcctcatgggctccggct 

USSN 

1990 2000 2010 2020 2030 2040 

. / wwwt CCG^GGTTCAGCTTGCAGTTAACGCTGCGAAGGCTCTGG 

USSN — , 

2050 2060 2070 2080 2090 2100 

♦ /wwwt GCGTTGTTTCC^TTCCTTGCATGGATTGCTTC 

USSN 

2110 2120 2130 2140 2150 2160 

. / wwwt COGTTCTGCCTGCAGOTGTG^CCGCTCGTGTOTCT^ 

USSN 

2170 2180 2190 2200 2210 2220 

- /wwwt GGTACCGCTITCTTGGGCACCCAGGGCCGTGCTGT 

USSN — — 

2230 2240 2250 2260 2270 2280 

. /wwwt CGGATTACCAGACCCTGTTTG AJQAAGTTCGGCATCACCACCGATGCAGTOGTGGCAGCGG 
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USSN 

2290 2300 2310 2320 2330 2340 

. /wwwt CCAAGGACrTCCATTAACGGTTAATTGCCCTGC^^ 

USSN 

2350 2360 2370 2380 2390 2400 

. /wwwt GATTCTCCGGAATTTTATTGCCCCGGGTTGTTGTTGTTAATCGGTACAAAGGGTCTTAAG 

USSN 

2*10 2420 2430 2440 2450 2460 

. / wwwt CACATCCCTTACrrGCCTGCTCTCCTTO^ 

USSN - 

2470 2480 2*90 2500 2S10 2S20 

. /wwwt atttagtttcatgtctcacattgatgatcttg 

USSN - 

2530 2540 2550 2560 2570 2580 

. /wwwt CGACCTCTCCCGCGAGCGCATTACTTCCGGCA^ 

USSN — — 

2590 2600 263.0 2620 2630 2640 

. / wwwt TGTAGTCGGTGTCACCACCAACCCAGCTATTTTCGC^ 

USSN — 

2650 2660 2670 2680 2690 2700 

. /wwwt CTACGACGGTCAGATCX3CAGAGCTCAAGGCCG CTGG CGCATCTTGTTGACCAGG CTGTTTA 

USSN 

2710 2720 2730 2740 2750 2760 

. /wwwt CGCCATGAGCATCGACGACX5TTCGCAATGCTTGTGA 

USSN 

2770 2780 2790 2800 2810 2820 

. / wwwt CTCCAACGGC7rACGACGGCCG(MTGTCCATCGAGGTTGACCCAOGTATCTCTGCTGACCG 

USSN 

2830 2840 2850 2860 2870 . 2880 

./wwwt CGACGCAACCCTtK^TCAGGC^AAGOAGCTGTGGGCAAAGGTTGATCGTCCAAACGTCAT 
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USSN - 

2890 2900 2910 2920 2930 2940 

, /wwwt CATCAAGATCCCTGCAACCCCi\GGTTCTTTGCCAGCAATCACCGACGCTTTGGCTGAGGG 

USSN 

2950 2960 2970 2980 2990 3000 

, /wvwt catcagcgttaacgtcacctt^tcttctccgttgctcgctaccccgaggtcatcgctgc 

USSN 

3010 3020 3030 3040 30S0 3060 

. /wwwt GTTCATCGAGGGCATCAAGCA5GCTGCTGCAAACGGCCACGACGTCTCCAAGATCCACTC 

USSN 

3070 3080 3090 3100 3110 3120 

. / wwwt tgtggcttccttcttcgtctcccgcgtcgacgttgagatcgacaagcgcctcgaggcaat 

USSN - - 

3130 31^0 3X50 3160 3170 3180 

r /wwwt CGG^TCCGATGAGGCTTTGGCrCTGC^ 

USSN - 

3190 3200 3210 3220 3230 3240 

. / wwwt TTACxSCTGTGTACAAGGAGCT'rrTCGACGCCGCCGAGCTGCCTGAAGGTGCCAACACTCA 

USSN 

3250 3260 3270 3280 3290 3300 

- /WWWC GCteCCCACTGTGGGCATCCACCGGCGTGAAGAACCC^ 

USSN — — 

3310 3320 3330 3340 3350 3360 

. /wwwt TTCOGAGCTGGCTGGTCCAAACACCGTCAACACCATGO 

USSN 

3370 3380 3390 3400 3410 3420 

- / wwwt TCTGGAGC&GGGC&ACCTCCACGGTGAC&CX; 

USSN -~ — 

3*30 3430 3450 3460 3470 3480 

,/wwwc TGTGTTCTCCCAGCTTGAGGCTCTGGGCXn^ 
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USSN - -- - - 

3490 3500 3510 3520 3530 3540 

. /wwwt gaccgagggtgtggacaagttcgttgcttcttggagcgaactgcttgagtccatggaagc 

USSN - 

3550 3560 3570 3580 3590 3600 

, / wwwt: TCGCCTGAAGTAGAATCAGCACGCTGCATCAGTAACGGCGACATGAAATCGAATTAGTTC 

USSN 

3610 3620 3630 3640 3650 3660 

. /wwwt GATCTTATGTGGCCGTTACACATCTTTCATTAAAGAAAGGATCGTGACACTACCATCGTG 

USSN - 

3670 3£80 3690 3700 3710 3720 

, /wwwt AGCACAAACACGACCCCCTCCAGCTGGACAAACCCACTGCGCGACCCGCAGGATAAACGA 

USSN 

3730 3740 3750 3760 3770 3780 

. /wwwt CTCCCCCGCATCGCTGGCCCTTCCGGCATGGTGATCTT 

USSN — 

3790 3800 3810 3820 3830 3840 

. / wwwt CGAAAGAAGCTGCTCCCCGCCATTTATGATCTAGCAAACCGCGGATTGCTGCCCCCAGGA 

USSN — ~- 

3850 3860 3870 3380 3890 3900 

, / wwwt TTCTCGTTGGTAGGTS^CGGCCGCCGCGAAT^ 

USSN : 

3510 3520 3930 3940 3950 3960 

,/WWWX CSCO^TCCCGCAAGTGCTGGTGCT^ 

USSN 

3970 3980 3990 4000 4010 4020 

./wwwt GCCGAGGGTATGGAATTTGTTCGCGGCAACTT^ 

USSN 

4030 4040 4050 4060 4070 4080 

. /wwwt GCTGCAACACTCAAGCGCATCGACAAAACCC^GGCACCGCCGGCAACTGGGCTTACTAC 
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ussn 

4090 4100 4110 4120 4130 4140 

. /wwwC CTGTCCATTCCACCAGATTCCTTCACAGCGGTCTGCCACCAGCTGGAGCGTTCCGGCATG 

USSN 

4150 4160 4170 4180 4190 4200 

. / WWWC GCTGAATCCACCGAAQAAGCATGGCGCCGCGTGATCATCGAGAAGCCTTTCGGCCACAAC 

USSN ~ 

4210 4220 4230 4240 4250 4260 

. / wwwc ctcgaatccgcacacgagctcaaccagctggtcaacgcagtcttcccagaatcttctgtg 

USSN 

4270 4280 4290 4300 4310 4320 

. /WWWC TTCCGCATCGACCACTATTTGGGCAAGGAAACAGTC 

USSN 

4330 4340 4350 4360 4370 4380 

- /wwwt gctaaccagctgtttgagccactgtggaactcc 

USSN 

4390 4400 44X0 4420 4430 4440 

- / wwwt ATGGCTGAAGATATTGGCTTGSGTGGAOGTGCT^ 

USSN — - 

4450 4460 4470 4480 4490 4500 

. /WWWC CGCGACGTCATCCAGAACCACCTGATCCA^ 

USSN 

4510 4520 4530 4540 4550 4560 

. /wwwt ATTTCTTTCGTGCCAGCGCAG CTGCAGGCAGAAAAGATCAAGGTCCTCTCTGCGACAAAG 

USSN - — — ^ - 

4570 4580 4590 4600 4610 4620 

./wwwt CCGTGCyTACCCATTGGATAAAACCTCCGCTCGTGGTCAGTAC 

USSN 

4630 4640 4650 4660 4670 4680 

. /WWWt TCTGAGTTAGTCAAGGQACTTCGCGAAGAAGATGGCTTCAACCCT 
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USSN 

4690 4700 4710 4720 4730 4740 

. /wwwt ACTTTTGCGGCTTGTACCTTAGAGATCACGTCTCGTCGCTGGGCTGOTGTGCCGTTCTAC 

USSN 

4750 4760 4770 4780 4790 4800 

. / wwwt CTGCGCACCGGTAAGCGTCTTGGTCGCCGTGTTACTGAGATTGCCGTGGTGTTTAAAGAC 

USSN - - -- 

48X0 4820 4830 4840 4850 4860 

. /wwwt GCACCACACCAGCCrTTTCGAC3GCGACATGACTGTATCCCTTGGCCAAAACGCCATCGTG 

USSN — - — - — 

4870 4880 4890 4900 40X0 4920 

. / wwwt ATTCGCGTGCAGCCTGATGAA^GTGTGCTCATCCGCTTCGGTTCCAAGGTTCCAGGrrCT 

USSN -- 

4930 4940 4950 4960 4970 4980 

./wwwt GCCATGGAAGTCCGTGAOGTC.^ACATGGACTTCTC 

USSN - 

4990 5000 50X0 5020 5030 5040 

. / wwwt tcacctgaagcatacgagcgcotcattttggatgcgctgttagatgaatccagcctcttc 

USSN 

5050 5060 S070 5080 5090 5100 

,/WWWC cctaccaacgaggaagtggaactgagctggaagatt 

USSN — 

5110 5120 5130 5140 5150 5160 

./wwwt gatgccgatggagaaccagaggattacccagcgggtac^ 

USSN 

5X70 5180 5190 5200 5210 5220 

. /wwwt gaaatgctttcccgcaacggtcacacctggcgca^ 

USSN ~- - 

5230 5240 5250 5260 5270 5280 

, /wwwt TCTTTO&ACTTCCGGATACCACCACCCAGC 
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USSN 

5290 5300 5310 5320 5330 5340 

. /wwwt AATCGGGCACCCAGGTCACCACCGGCCGAGTGCTCACCCTCATCGTGGTCACTGACTCCG 

USSN 

5350 5360 5370 5380 5390 5400 

. /wWWt AAAGCQATGTCGCTGCAGTTACCGAGTCCACCAATGAAGCCTCGCGCGAGCACCCATCTC 

USSN - 

5410 5420 5430 5440 5450 5460 

. /wwwt GCGTGATCATTTTGCTGCTTG-3CGATAAAACTGCAGAAAACAAAGTTGACGCAGAAGTCC 

USSN 

5470 5480 5490 5500 5510 5520 

. /wwwt GTATCGGTGGCGACGCTGGTGC7rTCCGACATGATCATCAT^ 

USSN --- 

5530 5540 5550 5560 5570 5580 

. / wwwt CTGACAAGCTCCAGTATGTCGTCACACCACTGTTGC 

USSN 

5590 5600 5610 5620 5630 5640 

. /wwwt ggtggccaggtgaatcaccaaagaatccttcccaggacccaattggacgcatcgcacaac 

USSN — 

5650 5660 5670 5680 5690 5700 

. /wwwt gacgcatcactoatgctttgtacgaccgtgatgacgcactagaagatc 

USSN 

5710 5720 5730 5740 5750 5760 

, /WWVt atc^cccaggtgataccgac&tgacgtgggcgcgcc^ 

USSN — 

5770 5780 5790 5800 5810 5820 

. /wwwt cctcctcattggatcacccaccacacag 

USSN 

5830 5840 5850 5860 5870 5880 

. / wwwt GCGGCAGTACCTCCXjTGGATTTGGCTGCAGGCTGGTT^ 
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USSN 



5890 5900 5910 5920 $030 59*0 

. /wwwt TGATCCGCGAGCO^CAGATGCrrCCCACCGTGCCAACCGATGAGTTTGGTA.CTCCACTGC 

USSN 



5950 S960 5970 5980 5990 6000 

. /wwwt TGGCTATCCAGCGCCTGGAGATCGTTCGCACCACCGGCTCGATCATCATCACCATCTATG 

ussa 



60X0 6020 6030 6040 6050 6060 

. / wwwt ACGCTCATACCCTTCAGGTAGAGATGCCGGAATCCGGCAATGCCCCATCGCTGGTGGCTA 

USSN 



6070 6080 6090 6ZOO 6XXO €120 

. /wwwt: ttggtcgtcgaagtgagtccgactgcttgtctgagglagcttcgccacatggatccac^tt 



ussw gaggagcttcgccacatggatccagatt 

X0 20 

6X30 6X40 6X50 6X60 6X70 6180 

. /wwwt tgggctaccagcaccc^ctatccggcttgtccagcgtct^gctggaaaccgtctaaggag 

USSN TGGGCTACCAGCACGCACTATCCGGCTTGTCC^^ 

30 40 50 60 70 SO 

6190 6200 62X0 6220 6230 6240 

. /wwwt AAATACAACACTATGGTTO^TGTAGTACGCGCACGCGATACTGAAGATTTGGTTGCACAG 



USSN aaatacaacactatggttgatgtagtacgcgcacgcgatactgaagatttggttgcacag 

90 1O0 XXO X20 X30 X40 

6250 €260 6270 6280 6290 6300 

./wwwt GCTGCCTCCAAATTCATTGAGGTTCTTGAAG 

USSN GCTGCCTCCAAATTC^TTGAGGTTGTTGAA 

X50 160 X70 X80 190 200 

63X0 6320 6330 6340 6350 6360 

. / wwwt GTAGTGCTCACCGGTGGTGGCGCCGGCATCAAGT 

(^^••^••^■^•(^''•''-'•••••'•••••••••••''^••••••'••'••••••■•" 

USSN GTAGTGCTCACCGGTGGTGGCGCCGGCATCAAGTT^ 

210 220 230 230 250 260 

6370 6380 6390 6400 64X0 6420 

- /wwwt GCTGACCTTGCCTGGGATCGCATTC^^ 

i : i :i i : i : j r ::: i 

USSN GCTGACOTTGCCTGGGATCGraTTC&TGTG^ 

270 280 290 300 310 320 

6430 6440 6450 6460 6470 64&0 

. /wwwt AGT^TTCTGAGTCCAATGAGGGCCAGGCTCGTGAGGCACTGTTGTCCAA 
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USSN AGTQATTCTGAGTCCAATGAGaGCCAGGCTCGTGAGGCACTGTTGTCCAAGGTTTCTATC 
330 340 353 360 370 380 

6490 6500 6510 6520 6530 6540 

, /wwwu CCTGAAGCCAACATTCACGGATATGGTCTCGGCGACGTAGATCTTGCAGAGGCAGCCCGC 

USSN CCTOAAGCC^CATTC^^ 

390 400 4X0 420 430 440 

6550 6560 6570 6580 6590 6600 

. /wwwc GC^ACGAAGCTGTGTTGGATSAATTCGCACCAAACGGCTTTGATCTTCACCTGCTC 

USSN GCTTACGAAGCTGTGTTGGAT3AATTCGCACCAAACGGCTTTGATCTTCACCTGCTCGGC 
450 460 470 480 490 500 

6610 6620 6630 6640 6650 6560 

. / wwwc ATGGGTGGCGAAGGCCATATCAACTCCCTGTTCCCTCACACCGATGCAGTCAAGGAATCC 

USSN ATGGGTGGCGAAGGCCATATCAACTCCCTGTTCCCTCACACCGATGCAGTC^AGGAATCC 
510 520 530 540 550 560 

6670 6680 6690 6700 6710 6720 

. / WWWC TCCGCAAAGGTCATCGCGGTGTTTGATTCCCCTAAGCCTCCTTCAGAGCGTGCJU^CTCTA 

US SN TCCGCAAAGGTCATCGCGGTGTTTGATTCCCCT 

570 580 590 600 610 620 

6730 6740 6750 6760 6770 6780 

. /wwwc acccttcctgcggttcaotcc gcaaagcgcgtgtggttgctggtttotggtgcggag aag 
ussn acccttcctgcggttcactccgcaaagcgcgtgtggttgctggtttctggtggggagaag 

630 640 650 660 670 680 

6790 6800 6810 6820 6830 6840 

. /wwwt gctgaggcagctgcggcgatcgtcaacggtoagcctgctgttc 

USSN GCTGAGGCAGCTGCGGCGATCGTCAACGGTGAGCirrGCTGTTGAGTGGCOT 
690 700 710 720 730 740 

6850 6860 6870 6880 6690 6900 

, /wwwt GCTACCGGATCTGAGOAAACCGTATTGTTCTTGGCTGATGATGCT^ 

t ::::::::::::::::::::: : ::::::::: : : a : s : 
USSN GCTACCGGATCTGAGGAAACGGTATTGTTC'TrGG CTGATGATGCTGCAGGAAATCTCTAA 
750 760 7^0 700 790 800 

6910 6920 6930 6940 6950 6960 

. /wwwc GCAGCGCCAGCTCTAACAAGAAGCTTTAACAAGAAGCT 

USSN GCAGCGCCAGCTCTAACAAG 

810 820 
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./wwwc TAATCCGGGTGCGAACCTTCATCTOAATCGATGGA 

USSN ~ 
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